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ABSTRACT

With the death of Moore’s Law approaching due to 193 immersion lithography reaching
its ultimate resolution limit, new advanced lithographic techniques are required to reach
beyond the 5 nm node. The current successor to 193 immersion lithography is EUV
lithography the success of which relies on the manufacture and reliability of photomasks.
The demand on mask manufacture is to produce smaller on wafer features without
increase lead times. To successfully meet this target, new resist materials must be
developed for electron and ion beam lithography. Thus, a series of modular
supramolecular resists were designed and investigated. To expedite the design process an
ion and electron simulation, named EXCALIBUR, was developed to simulate new resists
before synthesis to identify viable candidates for characterization. EXCALIBUR employs
Monte Carlo methods to simulate full secondary and auger electron cascades generated
in electron and ion beam exposures. Using this design process an indium ring based
electron beam resist ([NHz(allyl)2][In7NiFs(O2C'Bu)1s]) was developed which was
capable of producing 50 nm pitch lines with a dose of 1400 pC/cm using 30 kV electrons
and a chromium ring ion beam resist ([NHz(allyl)2][Cr7NiFs(O2C'Bu)is]) which yielded
16 nm pitch lines with a dose of 22pC/cm using 35 kV Helium ions. The supramolecular
resists also can be deposited through sublimation which provides the basis for a novel 3D

resist lithography technique.
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The improvement in the performance and reduction in the size of microprocessors has led
to huge increases in processing power of all consumer technology. These microprocessors
are an integrated circuit (1C) which was first developed in 1958 [1]. An IC is a group of
electronic components and transistors imbedded in the surface of a silicon wafer or

“chip”. The constant scaling of these transistors drives the semiconductor industry and as
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the demand for more powerful computers increases, constant progress in manufacturing
processes must be made. The benchmark for this progress is based upon an observational
law first noted by Gordon Moore founder of Intel. In 1965 he noted that the number of
transistors per unit area would double every 18 months [2]. This prediction, which
became known as ‘Moore’s Law’, held true for the following decade until 1975 when
Moore saw a downturn in the speed of development and so adjusted his prediction to
doubling every two years [3]. This revised law became the benchmark for the industry
defining targets and forecasts for the subsequent decades as the semiconductor industry
continued to achieve this target over this period. This progress is displayed in Figure 1.1
which shows the number of transistors per microprocessor increasing between 1970 and

2018.
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Figure 1.1 A plot of the increase in the number of transistors per microprocessor

1.00E+03

between 1970 and 2018 showing the history and progression of the semiconductor
industry driven by Moore’s law (reproduced using data from [4])
However, the last decade has seen a slow decay in the rate of growth leading some
commentators including Moore himself to declare the ‘death’ of Moore’s law [5],
predicting this decline to increase over the coming years [6]. This means that new

manufacturing technigques and technologies are needed now more than ever [7].
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To keep pace with Moore’s law and the demand from the consumer market a
series of targets have been set for manufacturing which mark a reduction in feature size
whilst still maintaining or more often improving throughput. These benchmarks are
known as nodes and have a dimension in nanometres related to them, however they can
be misleading as the size associated with them does not relate directly to a resolution in
the IC fabrication. For example, Intel is manufacturing at the 10 nm node and this is just
a name for their current manufacturing process and not a description of the critical
dimension (CD) of the IC which are expected to have a feature pitch of 34 nm [8]. Pitch
is a form of measure of the resolution of lithographic features which considers the
periodicity of the structures, i.e. how closely features can be patterned next to each other,
as opposed to measuring the dimensions of a single feature. It is commonly
interchangeably with half pitch which is when the features and spaces between features
are the same size, which is a pattern density of 50%. So, the names of the nodes have
been set to follow the trend of Moore’s law, as the industry must show significant
improvement to sell products and make profits and attract investors, but the minimum
feature size on a chip does not match this. The next node will be the 5 nm node which is
expected to have a feature pitch of 24 nm [9], beyond which quantum tunnelling in 2D
devices becomes problematic [10].

1.1 Lithography

Lithography is a pattern transfer technique where a resist material is used to protect an
underlying substrate into which a pattern is to be transferred. Areas of the resist are
exposed changing its solubility to a developing solvent. The resist is then developed
exposing parts of the substrate corresponding to the pattern of exposure. When this matrix
is subsequently etched, the resist material resists the etchant, hence its name, protecting

the underlying substrate and allowing the uncovered areas to be etched, thus transferring
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the pattern from the resist layer into the substrate. The resist can then be removed leaving
the final substrate structures which can then be metalized.

Since its invention in the 1700s Lithography has been one of the most prevalent
and successful methods of pattern transfer [11], However, it was only in the 1960s that
lithography, as we know it today, started to be used in the manufacture of devices [12].
Coinciding with the arrival of ICs, manufacturers needed a way to create circuits which
are imbedded into the surface of a semiconductor and turned to using photographic
exposure and etching techniques to pattern transistors onto a germanium substrate. In
doing so Lathrop and Nall created a process of manufacturing calling it Photolithography
[13]. Although similar techniques existed prior to Lathrop and Nall coining the term, they
were the first to use Photolithography in the creation of semiconductor circuits.
Photolithography uses photons to expose a pattern into a resist material. However, this is
not the only method of exposure. In Electron Beam Lithography (EBL) and lon Beam
Lithography (IBL), a beam of electrons or ions, as opposed to photons, is used to expose
the resist [14 - 16]. Less commonly used are Nano Imprint Lithography, [17, 18] which
uses mechanical force to change the solubility of the resist, and Scanning Probe
Lithography, which uses the field effect at the tip of a probe to oxidize a material which
can then be selectively etched [19].

Lithography is the main method of fabrication used in semiconductor industry and
has been the only manufacturing technique that has been able to maintain the pace set by
Moore’s law and the subsequent demands by industry. However, this has become
increasingly difficult because, as well as the higher resolutions and smaller CDs that are
required, low exposure doses are a necessity to increase manufacturing through-put. The
dose of a resist is a measure of the level of exposure needed for the expected structures

to be resolved after development. For photolithography, the dose is given by,

_CD.t

D, =
PL A
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where D is the dose delivered to the sample usually measured in mJ/cm?, @ is the photon
flux at the sample and t is the dwell time, which is how long the area, A, is being exposed.

For electron beam lithography the dose is given by [20],
N
EBL — A

As before D is the dose delivered to the sample usually measured in pC/cm? for an area
or pC/cm for a single pixel line, I’ is the beam current or flux of the electron beam and t
is the dwell time which is how long the beam stays on the area that is being exposed.

When manufacturing ICs the flux of the source is fixed and is limited by the
system, the area is set by the size of the structures being created, therefore the only factor
that can be varied to change the dose is the time of the exposure. The time of the exposure
IS important as the more time it takes to expose a wafer the lower the throughput will be.
The time for an exposure can be reduced by using a more sensitive resist, ergo the resist
IS more susceptible to exposure. This is where resist development is essential to the
progress of lithography because as the processes to create smaller and smaller features
become more complex and time consuming, then a more sensitive resist that does not
compromise the resolution is needed.

1.2 Exposure Types and Mechanisms

When a resist material is exposed, it undergoes a localised chemical change altering its
solubility. If the resist becomes more soluble then this is known as a positive tone resist
which means that the exposed area will be washed away when the resist is developed.
The opposite case, where the resist becomes less soluble when exposed, is a negative tone
resist [21]. This is displayed in Figure 1.2. The difference between the two tones of resist
is due to the exposure mechanics responsible for changing the solubility.

Positive tone resists are usually large molecule polymer resists. These resists may
have other smaller molecule additives and activators but for the most part they are made

up of large polymer chains with molecular weight on the order of tens or hundreds of
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thousands. The main process for the exposure of positive tone resists is chain scissioning
[22]. This is a process where an incoming photon or electron breaks the bonds between
monomers breaking the polymer chain into smaller molecules. These smaller molecules
will have an increased solubility than the longer chains and hence be more soluble in the
developing solvent. The speed of this process can be amplified by including photoacid
generators (PAG) in the resist which when ionized during exposure become free radical
molecules which will react with the polymer causing more chain scissioning events [23].
This technique is employed to form a group of resists known as Chemically Amplified

Resists (CAR’s).

Exposu re‘

' Development '

Negative Tone Positive Tone

Figure 1.2 The difference between positive and negative tone resists after exposure and
development.

For negative tone resists one common mechanic of exposure is cross linking. This is the

opposite process to chain scissioning where bonds in the smaller molecules are broken

leading them to react with each other creating larger molecules [24]. This also occurs with

polymers where large chains become interconnected or cross linked however this process

usually requires significantly higher doses than positive tone exposure so by virtue is less
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common. The outcome of cross linking is that the larger molecules become less soluble
meaning they are left behind after development. In metal organic resists, if cross linking
does not occur then the organic component of the resist which allows the metal compound
to be dissolved in common solvents, may be split from the metal component. The organic
component is then either diffused out of the material as a gas or removed during
development hence leaving the remaining insoluble metal compound to form the required
structures.

1.2.1 Photolithography

Currently, Photolithography is the main method of manufacture for integrated circuits
[25]. The industry standard technique is 193 nm immersion lithography where a 193nm
wavelength light source is used as the exposure source. This process uses immersion
resolution enhancement where a fluid replaces the gap between the lens (see Figure 1.3)
and the photoresist increasing the numerical aperture, so it is greater than 1 and greatly

increasing resolution down to a feature size of 80 nm [26].

| Immersion |
Fluid |

Photoresist

Wafer

Figure 1.3 A basic schematic of 193i lithography showing the immersion fluid between
the lens and the resist which is used to reduce the numerical aperture of the and hence

achieve sub-wavelength lithography.
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For this to work the immersion fluid must have a refractive index greater than 1 meaning
that the wavelength of the 193 nm light will be reduced in the fluid increasing resolution.
The current tool developed by ASML, the TWINSCAN NXT, has a throughput of 275,
300 mm wafers per hour with a sub 38 nm resolution [27]. Today, in order to pattern
below this feature size quad patterning is used, where the same wafer is exposed multiple
times in order to increase resolution and feature density solution (see Figure 1.4) [28].
However, with 193 immersion lithography reaching its resolution limit even octuple
patterning is being discussed as a possible next step for the industry [29].

However, every time a repatterning process is added, the time taken to completely
pattern a wafer greatly increases. In turn this reduces through put which calls into question
the benefit of such processes. It also greatly increases the overall cost of each wafer, and

this cost will only increase as each new node is reached.

15 Photoresist
15t Hard Mask material
20d Hard Mask material

1%t Patterned Photoresist
1t Hard Mask material
2nd Hard Mask material

Patterned Photoresist
Patterned 15 Hard Mask
2nd Hard Mask material

Remove Photoresist
Patterned 1% Hard Mask
20d Hard Mask material

2ud Photoresist
Patterned 1% Hard Mask
20d Hard Mask material

1131

i
—
—

b
R

Patterned 2™ Photoresist
Patterned 1% Hard Mask
2nd Hard Mask material

Spacer Layer Deposited
Patterned 2™ Photoresist
Patterned 15t Hard Mask
20d Hard Mask material

Spacer Layer Dry Etched
Patterned 2" Photoresist
Patterned 15t Hard Mask
21d Hard Mask material

Remove 21 Photoresist
and 15t Hard Mask by Dry
Etching

2nd Hard Mask material

20d Patterned Hard Mask

Figure 1.4 A process flow of a double patterning lithographic process which is used to

increase feature density beyond the limits of the lithographic processing.

Immersion lithography has been optimized over its lifespan to reach current
manufacturing specifications. For example, an anti-reflective top coating reduces the

exposure time by reducing the number of photons reflected off the surface of the resist
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increasing the efficiency of the exposure. In addition, top coatings can be used to increase
adhesion of the immersion fluid to the surface helping prevent the chances of air gaps
which cause aberrations in the exposure patterns reducing manufacturing yield [30]. The
top coating also provides protection to the underlying resist from the immersion fluid
preventing leaching of the photoacid generators and quenchers from the resist and
diffusion of the immersion fluid into the resist which can cause swelling [31].

To project the exposure pattern onto the resist a photomask is used. Photomasks
are usually quartz blanks which have a chromium stencil patterned on them. Chromium
is used due to its opacity to the wavelength used in photolithography [32]. The non-
patterned areas of the photomask allow transmission of deep UV light, so the photoresist
can be exposed. The manufacture of photomasks is a costly and time-consuming process.
This is because they must have virtually zero errors as any mask defects will be
transferred to every wafer that is exposed with this mask. Also, these masks degrade
overtime as they become contaminated during use, requiring cleaning and repair, limiting
their lifetime. Photomasks are produced in sets for which, depending on the number of
process layers i.e. the number of masks in the set, the price can reach upwards of $5
million [33].

193 immersion lithography has reached the end of its life span as the resolution limit for
this technique means that it cannot maintain the progress required by industry.

1.2.2 Electron Beam Lithography

The potential of Electron Beam Lithography as a method of manufacturing became
apparent with the development of gaussian beam scanning electron microscopes in the
1960’s which provided the ability to direct write patterns pixel by pixel. The ability to
expose a pattern pixel by pixel instead of through a mask meant that the limit of resolution
was reliant on the pixel size or spot size of the electron beam [34]. In practice, the

resolution is limited by the electron optics because as the spot size of the beam gets
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smaller the current of the beam, which is the flux of the electrons in the beam, must also
be reduced [34]. This leads to increased exposure time which makes the use of such
resolution impractical. An alternate method of increasing the resolution is to increase the
acceleration voltage of the beam. This, however, forms a trade-off, as higher energy
electrons will interact much less with the target material. This is evident in the choice of
acceleration voltages for different electron beam applications. For imaging, low
acceleration voltages (~1 kV) are used as this will generate the most secondary electrons
which are vital for generating an image. Conversely for high resolution lithography 100
kV tools are commonly used but the numbers of secondary electrons generated at these
energies are greatly reduced. Another problem with this method of direct write exposure
is the time taken to complete patterns pixel by pixel is impractically large when compared
to the relatively quick exposures offered by optical lithography. The advent of the variable
shaped beam (VSB) helped with this as it allowed the exposure of a number of pixels
together to build patterns [12]. These tools employ 50 kV beam acceleration voltages
because at this voltage the balance between resolution and secondary electron generation
is found to be the most practical. As a commercial manufacturing process IBM had a lot
of success using this method in combination with optical lithography throughout the
1970s and 1980s. In order again to reduce the electron optics problem and increase the
number of pixels that can be exposed in one ‘shot’, development by Nikon began on an
electron projection lithography system which could expose up to 10 million pixels at once
[35]. This was achieved by separating the beam into smaller beamlets and the projecting
them through a mask. This technology proved to be promising but unfortunately it was
not ready to meet demand and was overtaken by the arrival of 193 immersion lithography.
This led EBL technology to revert to scanning single beam systems reliant on sequential
methods of exposure (pixel by pixel) and not a parallel exposure method like mask

projection used in Photolithography. However, massively parallel EBL tools are again
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being developed. IMS Nanofabrication in collaboration with JOEL have announced the
IMS MBMW-101 which is a parallel mask writer using 262,144 beams with an energy of
50keV that can be individually rastered [36]. A similar system has also been developed
by Mapper which uses 65,000 beamlets and boasts being able to write 300 mm wafers at
5 Kev with a resolution of 25 nm [37]. This shows that EBL is again become a viable
high through put manufacturing process.

Even though it may no longer be used as prominently in the commercial
production of 1Cs Electron beam lithography is still used in the production of photomasks
and many other devices where ultra-high resolution beyond the limits of photolithography
is needed. It is also being reintroduced in some areas of manufacture in a process dubbed
‘complementary lithography’ to make a few of the smallest structures on wafers patterned
by 193 immersion lithography [38]. Many research applications use EBL for device
manufacture as this is easier and less restrictive than having to produce a photomask for
what may be a novel application. Additionally, in an environment where throughput is
not a major concern then the longer write times of EBL can be ignored. Since the 1990’s,
many scanning electron microscopes (SEM) are able to focus a beam down to sub 10 nm
spot sizes meaning that they can be converted into effective lithography tools for a
relatively low cost in comparison to commercial EBL tools.

Conventional scanning electron microscopes consist of the following main
components. Firstly, the source, which is where the electrons are generated, is usually a
field emission gun [39]. This is a source that relies on the field emission effect where the
emission of electrons from the tip is induced by the presence of a strong electro-static
field as opposed to thermal emission sources which are dependent on thermionic emission
from a hot filament. Once the electrons are emitted, they are accelerated down the column.
The column of an SEM contains; the apertures, which provide a course cut off for the

electrons and lenses; the condenser lenses, which collimate the beam turning the point
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source of electrons into a parallel beam, the spot size of the beam is also controlled here;
the stigmator, which controls the shape of the beam by stretching it in the x or y direction
and the scan coils which control the raster of the beam. If the SEM is set up for
lithographic applications, then the column will usually have an electrostatic beam blanker
which is necessary to ‘blank’ the beam (deflect it away from the sample) as it scans over
the surface in order to expose only specific areas of the write field [40]. Electrostatic
fields are used due to their much faster switch times, compared to magnetic fields, due to
magnetic hysteresis. Finally, the polepiece which acts as the objective lens is the last stage
the electron beam passes through, this is where the beam is focused onto the sample
below. All of this is shown in the schematic in Figure 1.5. The layout of the components
in the column of an SEM can vary from the schematic shown above. For example, in a
Gemini column, which is the column design used for Zeiss and LEO microscopes, there
is no cross over point which helps prevent aberrations in the beam. Also, the column
contains an 8kV beam booster which maintains a high beam acceleration throughout the
column [41]. In addition, the scan coils are located in the pole piece just before the
objective lens.

An SEM which is to be used for lithography requires a few modifications. Firstly,
a pattern generator is required which controls the scan coils of the SEM directing the
beam to where it is required to expose a sample in a designated pattern. To properly
determine the dose with which the resist is to be exposed, the current of the beam must
be measured. This can be achieved by having a faraday cup on the sample holder which,
when the beam is directed into will trap all the incoming electrons [43]. If the cup is then

connected to a pico-ammeter, the beam current can be measured.
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Figure 1.5 Internal schematic of an SEM. Specifically this shows the architecture and
beam path used in a Zeiss Gemini column [42].

1.2.3 Helium lon Beam Lithography

Compared to Electron beam lithography (EBL), which has been used in manufacturing
and analysis since the 1960s [12], Helium lon Beam Lithography (HIBL), is a
comparatively new technique which only became available with the development of the
first helium ion microscope in 2007, the Zeiss Orion NanoFab [44]. Originally designated
for high resolution imaging and less destructive ion milling for device manufacture, it
soon became apparent that the microscope’s inherent properties would be beneficial for
lithography [45].

A Helium lon Microscope uses a Gas Field lon Source (GFIS) to generate a
focused beam of He+ ions. In a GFIS a He gas is flowed over an atomically sharp tungsten
tip. Due to this sharpness a large electric field is generated at the end of the tip which

polarises the Helium ions drawing them toward the tip where they are then ionized
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through electron tunnelling. These He ions are subsequently accelerated by a potential

difference away from the tip and down the column [46] this is shown in Figure 1.6.

Extraction

Electrode

Figure 1.6 Diagram of a Gas Field lon Source (GFIS) used in a helium ion microscope
Due to the shape of the tip, the beam can be generated from just a few points of emission.
Depending on the applied fields the source can be reduced to just one point of emission
however in practice this is unstable, so usually a self-stabilizing trio of atoms, a trimer, is
used to generate the beamlets that form the beam. This small point of emission is what
gives the ion beam its small spot size. While in operation the tip must be kept at a constant
pressure (10-7 mbar) so that there are enough He atoms to form stable beamlets. The
beam current scales with pressure, however when operating at higher pressures the risk
of losing the trimer is increased leading to the need to reshape the tip through heating.
The tip in the GFIS is also cryogenically cooled, this helps keep the tip stable in the
presence of large electric fields and slows the He atoms around the tip making
polarization and subsequent emission more probable [47]. With the beam only being
emitted from three point sources this allows it to be focused to a spot size less than one

nanometre.
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1.2.4 Advanced Lithography

Currently still an area of development, EUV lithography is only recently starting to take
over production from 193 lithography. This switch started in 2019 [48] coinciding with
the first commercial EUV lithography scanner being developed by ASML [49]. EUV
lithography uses 13.5 nm wavelength light to expose photo resists. An immediate benefit
of EUV light is that the wavelength is much smaller than its predecessor, 193 nm, which
provides an instant improvement in resolution without the need for immersion
lithography and other resolution enhancing techniques. There are also some draw backs,
one of the main ones being the problem of finding a suitable light source which is stable
and reliable. Currently, the two most commonly used options are the afore-mentioned
scanner, developed by ASML, or a synchrotron light source. The 13.5 nm light in a
scanner is generated by firing a CO2 laser, with a wavelength of 10pum [50], at a tin
plasma this excites the tin ions which then release photons of light at the required 13.5
nm wavelength. The light is then focused using a series of mirrors and lenses before

finally being projected onto a mask and reflected towards the wafer. This is shown in

Figure 1.7.
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Figure 1.7 Plasma light source and focusing path of EUV light in the ASML
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One of the main problems with this method is preventing the tin plasma from
contaminating the mirrors which must then be regularly cleaned or replaced. This causes
large periods of downtime for the tool reducing throughput and efficiency.

1.2.5 Exposure Mechanics

As explained previously the basic mechanisms of resist exposure such as chain
scissioning and cross linking provide some understanding of resist exposure on a larger
scale but to develop a resist more effectively the mechanics behind these processes must
be understood. When a beam of photons, electrons or ions are incident on a resist material
they will undergo scattering. As the incident object scatters it will change direction and
may lose energy. This energy is transferred to the target material during scattering
collisions. If the incident particle undergoes an elastic collision, then it changes direction
and does not lose any energy, however if an inelastic collision occurs then energy will be
transferred from the incident particle to the material. If this energy is sufficient then a
secondary electron (SE) may be emitted. These electrons will go on the scatter themselves
creating more collision events and further generations of SEs. It follows that the
generation of the SEs is vital to increasing the sensitivity of a resist and hence reducing
the exposure dose. However, when a particle scatters, the change in direction causes a
divergence of the beam as it passes through the material. This potentially leads to a
reduction in resolution as this effect will be greatly noticeable in thick films (>100nm)
and can be avoided by using thinner films, but this comes at the cost of reduced etch
performance. The divergence of the beam and SE generation means that it is not possible
to generate structures that are the same size as the spot size of the beam, and increased
sensitivity and hence increased SE generation usually leads to broader structures and
therefore reduced resolution. The generation of SEs which expose the resist laterally,
gives rise to the proximity effect which is where the exposure of adjacent areas

accumulate. This increases the overall exposure of the area and can help reduce the
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exposure doses needed to expose resists but will ultimately reduce the maximum
resolution of the resist.

Photons used in lithography have much lower energy when compared to electrons
by an order of 1000s, the most energetic photons used are those in EUV which have an
energy of only 92eV in comparison to 100KeV electrons commonly used in lithography.
This difference in energy means that SEs are generated by photon absorption, so typically
a photon will be responsible for far fewer SEs and hence a much higher density of photons
is needed to generate the same structure that much fewer electrons can produce. These
SEs are also much lower energy meaning the number of subsequent generations of SEs
will be reduced. Due to the absorptive nature of photon exposure the attenuation of the
incident photons is greatly increased with a penetration depth of 10s of nanometres
compared to the high energy electrons used in EBL which will travel through the resist
layer and continue many microns into the substrate. This gives the benefit that much
thicker films can be exposed using electrons.

Compared to electrons, helium ions can be focused to a much smaller spot size,
and this combined with their higher momentum gives them a much lower beam
divergence in resist materials compared to electron beams [51]. Also due to their much
higher stopping powers and interaction cross sections, the SE yield from He ions is much
higher, requiring a lower exposure dose suggesting reduced exposure times. The benefits
of increased SE generation from ions as opposed to electrons make them a very attractive
alternative for lithography compared to electrons. Another benefit of ions is that, for
example, He atoms are ~7000 times more massive than electrons giving them a
proportionally larger momentum, hence a much shorter de Broglie wavelength. This
wavelength determines the ultimate resolution of the feature that can be imaged by a He
beam. A downside of using ions for lithography is the much lower range of penetration

compared to electrons. This reduced penetration depth means that thick films of resist
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materials may not be fully exposed however, if resist materials are kept sufficiently thin
then this problem can be negated.

1.3 Pattern Transfer

Once a resist has been exposed and developed, the pattern of structures that remain must
be transferred into the substrate from which the actual devices and ICs will be made. This
is a usually a crystalline semiconductor with the most common being silicon. To transfer
the pattern into the substrate it must be etched. The resist will protect the substrate it
covers from the etching process allowing the uncovered areas to be etched away. Resists
are usually not completely impervious to the etching process and will be etched away
with the substrate, however, they ideally have some increased resistance to the etchant
and so will be etched more slowly. This gives rise to etch selectivity which is a ratio
describing the amount of substrate etched compared to the amount of resist lost. For
example, a resist with an etch selectivity of 2:1 means that for every 2 nm of substrate
that is etched 1 nm of resist is lost. From this it is clear that if a resist material has a low
etch selectivity, then its thickness must be increased. However, if the thickness is
increased then this will usually mean lower resolution and larger structure pitch.
Therefore, high etch selectivity is an essential feature for a resist.

In manufacturing there are two main types of etching which are wet and dry
etching. Wet etching is where the substrate is submerged in an etching solution. Dry
etching can be carried out using a plasma as shown in Figure 1.8. This is also known as
reactive ion etching (REI) which is a process where the substrate is bombarded with
charged ions from the plasma [52]. These reactive ions sputter and react with the material

pulling away portions of the surface, hence etching it.
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Figure 1.8 Process schematic for plasma dry etching, showing etching through
sputtering and reactive ion etching (REI). The ratio of d2:d is the etch selectivity of the
resist.

Wet etching is usually an isotropic process, which means that the substrate is etched in
all directions at the same rate. This can lead to problems such as undercutting, where if
the etch is much deeper that the pitch of the structures then their integrity will be
compromised, or they may not have the straight side walls. Conversely, dry etching can
be anisotropic or directional process where the etching process can be passivated using a
second gas to protect the wall of the etched structures. This is known as the Bosch process
and it reduces the lateral etching of the substrate meaning much deeper etches can be

attained without losing the shape of the pattern [53].

1.4 Photomask Fabrication

All types of photolithography, excluding direct laser writing, depend on photomasks to
project an exposure pattern onto the resist. These masks are themselves made using direct
patterning lithography methods such as EBL or HIBL [54]. To create the pattern on a

photomask which is to be projected, a material which can absorb the wavelength of light
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being used must be patterned to cover areas of the mask. To pattern a mask a resist is
applied to the top of an unpatterned mask blank which is then exposed and developed.
The areas of the absorber layer, including an antireflective coating, which are no longer
protected by the resist, are then etched away. The resist is subsequently removed leaving
the completed pattern on the mask. This is not the end of the process however as any
defect will be replicated in any future manufacturing therefore masks must have as few
defects as possible. Consequently, the mask must be inspected, and any defects repaired.
If there are too many defects, the mask cannot be used. This puts a high demand on the
lithography and etching process to produce high fidelity, reproducible features. Also, any
resist materials used must have the ability to withstand the dry etching process and allow
for features as small as 44 nm to be transferred onto the mask [55]. These features are
larger than the realised features on the wafer as the image projected by the mask is passed
through lenses which reduce the feature size by up to 4 times. Figure 1.9 shows
schematics of completed masks to show the difference in complexity between the 193 nm
(DUV) and EUV masks. The DUV mask is relatively simple as it works in transmission
where the light is transmitted through the quartz substrate with the absorber layer which
is usually chromium blocking the light and projecting the pattern.

The EUV mask is fundamentally different as it works in reflection instead of
transmission. This greatly increases the complexity of the mask as the reflector itself is
80 alternating layers of silicon and molybdenum. To prevent the reflector stack from
becoming oxidised it is covered by a ruthenium capping layer. Ruthenium is chosen due
to its transparency to the 13.5 nm wavelength [56].

To protect the capping layer during inspection and repair a buffer layer is used
which must be etched afterwards, thus adding a further processing step. A variety of
absorber materials can be used for EUV lithography with TaBN being amongst the most

popular [57].
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Figure 1.9 Photomask schematics for 193 nm immersion lithography and EUV
lithography.

1.5 Resist Materials for Lithography

Before new resists can be developed the current state of the art must be assessed. This
section will compare the many resists already published for different methods of
lithography. It is essential that any new resists target properties where the currently
available resists are lacking or offer improvements in resolution or sensitivity. The
properties for all resists discussed in this section can be found in Table 1.1. Current
industry requirements for materials are determined by the next manufacturing node target.
As discussed previously the 5 nm node is the next process target and this requires resists
which can be patterned with structures with a pitch of 24 nm [9]. For EBL the dose is
highly dependent on the beam energy and as it is not currently being used for high volume
manufacturing there is no set target for dose. However, that is not to say the dose is not
important, as EBL resists are used to pattern and repair photomasks, therefore any new
resists developed should be targeting the 5 nm node with sensitivity similar to current
commercial resists.

1.5.1 Positive Tone Resists

PMMA is one of the most widely available and commonly used electron beam resists due
to its long shelf life and it stability during processing. It is usually used as a positive tone

resist and has been patterned with structures as small as 4 nm [58 - 60]. Small features
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can be created with relatively low-resolution lithography techniques, but this can only be
achieved as isolated features, decreasing feature density which is undesirable for
manufacture. With exposure doses ranging between 300-400 uC/cm? at 30 keV, PMMA
has reasonable sensitivity to electron beam exposure which may also contribute to its
popularity. With the potential for very high aspect ratios PMMA is useful in the
fabrication of devices on the micro and nanoscale.

Like PMMA, ZEP-520A is a positive tone polymer-based resist for EBL. It has
been shown to have an exposure dose of 245 nC/cm? at 30 keV [61] which is again similar
to PMMA. However, compared to PMMA, ZEP-520A can achieve an increased feature
density with 25 nm lines and spaces being reported at a dose of 250 uC/cm? at 100 kV
[62] and 14 nm lines with a pitch of 40 nm with a dose of 180 pC/cm at 10 kV [63].

SML, developed by Scott Lewis (University of Manchester), is a resist that was
designed for high aspect ratio fabrication [64]. It was designed to have similar processing
properties to PMMA but with improvements in sensitivity and aspect ratio. The
sensitivity was successfully increased with 14 nm lines with a pitch of 30 nm were
produced with a dose of 107 pC/cm? at 30 kV [64]. SML has also been shown to produce
structures with an aspect ratio of ~10:1 [65] whilst maintaining straight sidewalls.
Although a 4 nm feature in a 140 nm thick resist was reported for PMMA giving an aspect
ratio of 35:1 [60], this structure was anchored by a much larger structure and not free-
standing lines like the 10:1 structures created in SML.

Chemical amplification of resist exposure has been proven to increase sensitivity of resist
materials whilst still managing to achieve 36 nm pitch patterns [66]. Chemically
amplified resists (CARs) are composite resists that rely on photo acid generators to
expose the resist. These molecules are activated when exposed and are then encouraged
to defuse through the resist in a post exposure bake. Molecules that slow this diffusion,

known as quenchers, are also included in the resist to slow this diffusion and maintain
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high resolution. Compared to PMMA and the other polymer-based resists, CARs offer
great increases in sensitivity whilst still managing to achieve competitive resolutions.
CSAR 62 is a commercial polymer resist, combined with CAR elements, that is widely
used as both an electron beam and photo resist. CSAR 62 has a good sensitivity in electron
beam with a dose of 140 uC/cm? at 100 kV [67]. However, compared to the other positive
tone resists such as ZEP 520A and SML the resolution is not as good with only 40 nm
lines with a pitch of 75 nm achieved even at 100 kV.

Despite not requiring development after exposure as it is a “self-developing”
resist, the AlFs doped LiF is patterned as a positive tone material with the exposed
material being removed during exposure by the electron beam. This novel method
removes the need for post exposure development as the resist is desorbed from the
substrate during exposure. Whilst 5 nm lines with a 30 nm pitch were way beyond the
cutting edge for the time in 1995 the high dose of 100,000 pC/cm at 30 kV and problems
with contamination and hence lithographic quality limited this resist [68].

1.5.2 Negative Tone Resists

As explained before PMMA is exposed by chain scissioning breaking its long polymer
chains making it more soluble [69], however it can also be used as a negative tone resist
[69, 70]. PMMA is activated as a negative tone resist by using a much higher exposure
dose of more than 2000 pC/cm at 30 keV [70]. With this increase dose the polymer chains
start cross linking making them insoluble in the developer solvent. The increase in dose
makes PMMA less attractive as a negative tone resist.

As with PMMA there are a variety of polymers that can be cross linked, some of
these can be crosslinked with a large enough dose whilst others require additives to
promote crosslinking. ZEP 520A can be crosslinked and as with PMMA it requires a
significantly larger dose, with 5250 pC/cm required to produce 23 nm lines with a pitch

of 50 nm even though an acceleration voltage of 10 kV used [63]. An acceleration voltage
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of 10 kV will give a much-reduced dose when compared to 30 kV or 100 KV. To combat
the high doses needed for negative tone polymer resists more complex co-polymers have
been developed such as the MAPDST-MMA co-polymer. This resist showed an improved
sensitivity when compared to other negative tone polymer resists realising, 20 nm line
space structures with a dose of 30 nC/cm? at 20 kV [71].

Molecular CAR resists have also proven to give better sensitivities for example,
the fullerene-based IM-MFP1. _g has achieved 20 nm structures with a 36 nm pitch with
doses as low as 40 pC/cm? at an acceleration voltage of 20 keV [66]. Another example of
a molecular CAR resist is a series calixarene composite resists comprised of TOMCA4
and a PAG. These resists have been shown to produce isolated 25 nm structures with a
dose of 650 pC/cm at 30 kV [72].

Inorganic molecular resists also have proven to be successful negative tone resists.
Perhaps the most well-known of these types of resists is HSQ which has been consistently
shown to have excellent resolution and feature density for electron beam lithography [73,
74] and has achieved world record resolution for EUV [75]. This is a commercially
available resist and is attractive due to the incredibly small resolutions of sub 10 pitch
structures reported. However, the dose required to create structures at these feature sizes
is large with a dose of 5000 pC/cm? with a beam voltage of 10 kV [73] for EBL. This
limits its uses to research applications and hence it is not viable for high volume
manufacture. An attempt to improve the shelf life and processing stability of HSQ led to
the development of Medusa 82. This resist has been shown to have similar processing
conditions as HSQ and has yielded 14 nm lines with a pitch of 40 nm and a dose of 1290
uC/cm? at 30 kV [76].

Small molecule metallic resists such a ZircSOx [77] and HafSOx [78] have greatly
increased sensitivities producing some of the lowest dose resists whilst still producing

high resolution structures. These resists have been shown to have doses as low as 50
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uC/cm? [77] and can produce features as small as 9 nm [78], however these low doses
come at a cost as the increased sensitivity lead to an increase in the shot noise of the
exposure, reducing structure quality.

The resists discussed here clearly confirm the validity of the trade-off in the
relationship between sensitivity and resolution for resist materials. This trade-off is the
main obstacle that must be overcome when designing new resists that can achieve the

resolution required by industry whilst also having a low enough sensitivity.
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Table 1.1 A table of properties of current state of the art resists. The information given

includes the tone of the resist; the type of resist molecule; the maximum resolution of

the molecule and the dose and exposure type this result was achieved with; The

developer used; the aspect ratio i.e. the ratio of feature size and resist thickness. Dose

for EBL is stated as either an area dose, uC/cm?, a linear dose, pC/cm, or both.

Abbreviations used: IPA is Isopropyl Alcohol; TMAH is Tetramethylammonium

Hydroxide; MCB is Mono Chlorobenzene; PMMA is Poly(Methyl Methacrylate); HSQ

is Hydrogen silsesquioxane; MAPDST-MMA is (4-(methacryloyloxy)phenyl)-

dimethylsulfonium triflate; MAA is Methylacetoacetate; TOMCAA4 is tetrakis(oxiran-2-

ylmethoxy)-tetra-tert-butylcalix[4]arene.

Resolution: Area Line ) Aspect
Name Tone Type Feature/Pitch Dose Dose Exposure Developer Ratio
Electron Beam Lithography nm pC/em? | pC/em keV
55772 245 - 30 Xylene 2.3:1 [61]
Positive | Polymer 25/50 250 - 100 Amyl Acetate 1.6:1 162]
ZEP-520A
13.4/740 180 10 Amyl Acetate 4.5:1 [63]
Negative | Polymer 23.1/50 5250 10 7:3 IPA:H,O 2.6:1 [63]
4/- 100 - 400 440 30 3:1:1.5% IPA:MIBK:MEK 15:1 [58]
Positive | Polymer 4/80 325 - 80 7:3 IPA:H,0 10:1 1591
PMMA 4/- 232 - 75 1:3 MIBK:IPA 35:1 [60]
15/- 70,000 | 185,000 300 Acetone 2.7:1 [69]
Negative | Polymer
5/20 2000 30 MIBK 1:1 [70]
0, 0,
45/9 5000 1o | DL Water, 1%NaOH, 4% |, |y
HSQ Negative | Inorganic NaCl
10/10 33444 8000 100 TMAH 1:1 [74]
32/70 550 30 7:3 IPA:H,0 9:1 [65]
SML Positive Polymer
14730 107 - 30 7:3 IPA:H,0 3.5:1 [64]
MAPDST-
MMA co- | Negative n-CAR 20/40 35 - 20 TMAH 2.5:1 [71]
polymer
IM-MFP,,, | Negative | CAR 20736 40 240 20 1:1 MCB:IPA 1:1 | [66]
CSAR 62 | Positive CAR 40/75 140 - 100 Amyl Acetate 1:1 [67]
HafSOx Negative | Inorganic 9/21 800 - 30 3:1 H,O:TMAH 1:1 [78]
ZireSOx Negative | Inorganic 28/100 50 - 30 3:1 H,O0:TMAH 1.25:1 | [77]
AIE3- Positive | Inorganic 5730 100,000 30 Desorption 2:1 [68]
doped LiF 8 : i :
TOMCA4 | Negative | Organic 257200 650 30 MIBK 4:1 [721
Medusa 82 | Negative | Inorganic 14740 1290 - 30 TMAH (AR 300-44) 10:1 [76]
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1.6 Simulation and Monte Carlo Modelling

To develop new resist materials, it is necessary to understand the exposure mechanics and
be able to simulate how a resist reacts during exposure. Using simulation in this way can
reduce the time taken to develop new resists as it acts as a filter identifying suitable resists
that can be investigated further through experimentation. Characterization of resists
through experimentation is a time-consuming and expensive process and reducing this
will increase the efficiency of the resist design process. To do this a Monte Carlo
simulation for electron scattering in resist materials was developed.

Monte Carlo simulation is a modelling method which uses random numbers to
determine solutions to numerical problems which have an outcome based on a probability
distribution. The random numbers are used as inputs for the simulation, to compare
probabilities of certain events occurring. Dating back as far as the 18th century, with
Buffon’s Needle experiment [79], Monte Carlo methods have been essential to solving
many physical problems.

Due to the stochastic nature of electron scattering Monte Carlo modelling is
widely used to simulate electron trajectories in resist material to determine how a resist
will react when being exposed during EBL. There are already programs that can simulate
electron scattering in materials, CASINO [80] and Penelope [81] are examples of free
electron scattering Monte Carlo software. Tracer [82] is a proprietary software designed,
by GenlSys, to work with Beamer pattern generator software to optimise the doses used
on patterns. These programs work well providing a decent understanding of electron
interaction in a variety of materials, however, there are some limitations. None of these
programs work with SEs beyond first generation. However, many of the subsequent
generations of low energy electrons are an important source of exposure and they are

themselves are also responsible for the generation of more SEs. Also, some more complex
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electron interactions such as Auger electrons are not considered which are an important
source of SEs.

1.7 Aims and Motivations

In summary, research into new resist materials that can produce the target feature size
whilst maintaining or even reducing processing time is vital to the semiconductor industry
and this is the motivation for this work. This project initially intended to develop and
investigate new resists based on a family of supramolecular organo-metallic resists for
both EBL and IBL. However, beyond this the intention was to develop a resist design
process which can be used as a platform for streamlining the development of new resists.
This process relies on Monte Carlo simulation to suggest candidates for experimentation.
It is necessary to rule out resists through simulation as it too expensive and time
consuming to test them all. To do this a new Monte Carlo simulation with the ability to
simulate both ions and electrons in a range of materials with the aim of estimating the
lithographic outcomes was developed. A simulation named “EXCALIBUR” has been
developed to meet this goal.

Research has also been undertaken to investigate novel 3D lithographic

techniques and the characteristics of the newly developed resists which allow this.

The work contained in the following chapters are original and novel work developed for

this thesis.
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To better understand electron beam lithography (EBL) it is important to be able to
simulate and predict how electrons interact with the atoms and molecules of a material as
they pass through it. As the incident electrons from the electron beam, also referred to as
primary electrons (PEs), interact with a material they will undergo a variety of
interactions which can generally be described as electron scattering. These scattering
events may ionize atoms in the material generating secondary electrons (SEs) which will

interact with the material in the same way as PEs albeit with lower energy. Understanding

48



how electrons scatter in materials is vital as it not only determines the trajectories of the
electrons but also describes how the electrons lose their energy as they pass through the
material. This transfer of energy is responsible for the ionization of atoms in the target
material which leads to the breaking of bonds in molecules. This causes the chemical
reactions and changes in solubility that contribute to the exposure of resists which is the
underlying mechanic behind EBL. Therefore, the development of new materials and the
refinement of exposure parameters that are essential to the advances of the semiconductor
industry can be expedited with the use of EBL simulations.

2.1 Monte Carlo Simulations for Electron Beam Lithography

The use of Monte Carlo methods to simulate electron scattering is not new, with the first
models and calculations being carried out in the 1960s [1]. Since the first simulations,
and with the growth in access, availability, and power of computers, many electron
scattering simulations have been developed for a wide range of applications. Whilst the
number of simulations is numerous there are only a handful of established programs that
are specifically designed with EBL in mind. These programs allow for the handling of
multiple layers of resist and substrate materials and electron energy ranges suitable for
EBL systems.

The purpose of simulation for designing and developing new resist materials is to
remove some of the guess work involved in identifying suitable materials. Without
simulation, resist development is based on knowledge of prior research and materials and
drawing from adjacent lithography and fabrication techniques. This scatter gun approach
IS not only financially expensive but also time expensive. To fully characterise a resist’s
spin parameters, exposure parameters, lithographic performance and development regime
can take many weeks and even months and days of equipment time. This does not include

the time taken to synthesize the resist, which could involve complex and novel chemistry.
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The benefit of using a simulation is that the sensitivity and resolution of a material can be
predicted to identify candidates for synthesis and characterisation.

Two of the most widely used codes for lithographic applications are CASINO and
TRACER [2, 3]. CASINO is a freely available program and TRACER is a proprietary
software developed by GenlSys. Both programs can successfully simulate electron beam
exposures of materials, with TRACER going further with the ability to produce point
spread functions that can be used in conjunction with BEAMER to predict exposure
parameters with such features as proximity effect correction (PEC) [4]. This process uses
simulated point spread functions of electrons in the resist to manipulate the exposure
parameters and hence reduce process blur, maintaining the uniformity of the final
structures. Whilst both pieces of software allow for the input of materials which are not
already preprogramed, to develop new resists more control is needed over how the
simulation handles new materials to understand how a change in resist chemistry could
influence its lithographic performance. Both programs also produce electron trajectory
plots, examples of which can be seen in Figure 2.1. Both plots show the scattering of the
PEs and 1% generation high energy SEs, but they do not show the complete picture. To
fully simulate the SE cascade, multiple generations of SEs at all energy ranges must be
simulated. It is through understanding these cascades that the effect of these low energy
SEs on different resist materials and the consequent relationship between sensitivity and
resolution can be predicted. Another source of low energy SEs that are not considered are
those emitted through the Auger effect. Like SEs the AEs have an important role to play
as Auger emission can lead to cascades of electrons being emitted again increasing the
exposure of the resist. Without these SEs, the current simulations lack the detail to

develop new resist materials.
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Figure 2.1 TRACER [3] and CASINO plot examples showing electron trajectories from

scattering in materials.

2.2 Electron Scattering Theory and Models

There was a need for a new Monte Carlo simulation to be designed that could manipulate
and combine, existing models to allow simulation of complex supramolecular structures
and multicomponent resists. The aim when developing this code was to provide, as close
as possible to, a complete picture of the trajectories of the PEs and the full SE cascade
both spatially and energetically.

The main electron interactions that are considered in this model, shown in Figure
2.2, are backscattered electrons, secondary electrons, and Auger electrons. No photon
interactions are included in this model, the reasons, and considerations for this are
discussed later.

Backscattered electrons (BSE) are PEs that undergo elastic collisions where the
scattering angle is large enough such that the electrons are deflected back out of the resist.
Alternatively, a PE may pass through the resist and substrate and undergo several
interactions after which the electron is redirected out of the top of the resist.

Secondary electrons (SEs) are generated by inelastic collisions between an
incident electron, either a PE or a SE with sufficient energy, and an orbital electron. If the
energy transferred in the collision is not sufficient to ionize the atom and eject the SE,
then the atom will be in an excited state where it has more energy than its ground state.
This excess energy is released when the atom deexcites and a photon is released. The

photons that are energetic enough to escape the resist and be detected, are usually x-rays.

51



Primary
Electron (PE) Backscattered
Electron (BSE)

Auger Electron OR
Characteristic X-ray

Secondary
Electron
(SE)

Figure 2.2 The main electron interactions considered by the Monte Carlo model. This
left image shows an inelastic scatter where a primary electron ionizes an atom ejecting
a secondary electron. The middle shows the path of a primary electron that is
backscattered due to the coulomb interaction between the nucleus of the atom and the
primary electron. The right image shows two processes. Similarly, to the left image, a
secondary electron is freed in a collision leaving a vacancy in an inner shell and in the
following transition the excess energy is emitted as either a characteristic x-ray or an

Auger Electron is emitted.

These X-rays are characteristic to transitions between electron energy levels of specific
atoms in the molecules of the resist [5]. They can be measured experimentally however
they are not accounted for in this simulation.

The final interaction which is considered in the model is the emission of Auger
Electrons (AEs). When an incident electron undergoes an inelastic collision, there is a
chance that this collision is with an inner shell electron which is one with a higher binding
energy and hence requires more energy to be ionized. If the interaction is of sufficient
energy to cause an inner shell ionization, then this will leave an electron vacancy in a low
energy electron shell which can be filled by an electron from a higher energy band. To do
this the electron must lose energy by either transferring it to another orbital electron which
is emitted from the atom as an AE or the energy is released as a characteristic X-ray. The
shell from which an AE is emitted will now have a vacancy and if there any higher shell

orbitals that can fill this vacancy then a similar transition will occur. This can mean the
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ionization of an inner shell electron may lead to a cascade effect of AEs being emitted

[6].

2.2.1 Fast Electron Scattering Model

The “fast” electron scattering model follows Joy’s model for electron scattering [7]. For
this model, the electrons are considered to be fast when their energies are E > 100 eV.
The first equations that need to be considered are the elastic and inelastic scattering cross
sections as they will determine how far an electron will travel in the resist before a

collision i.e. the mean free path. Firstly, the elastic scattering cross section is given by,

2.1

72 Arm (E+511)2

Oelastic = 921 X 10_21?5{(1 + a) \E + 1024

where Z is the effective atomic number of the target molecule, E is the energy of the
incident electron and a is the coulomb screening factor. The screening factor accounts for
the screening of the charge of the atom’s nucleus by the cloud of orbiting electrons. It is

found using the following expression,

0.67

a=34x10"3 2.2

The scattering cross section determines the probability that an electron of energy, E, will
undergo an elastic collision and scatter. The distance the electron will travel before such

a collision is known as the mean free path, 4, which is given by,

A
i A 2.3
elastic NApO'elastiC

where A is the molecular weight of the target molecule, Na is the Avogadro’s constant
and p is the density.

The second scattering scenario are inelastic collisions. This is an event where
energy is transferred from the incident electron to an orbital electron ionizing the atom
and releasing an SE. The differential cross section for inelastic scattering collisions is

given by,
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2.4

do—inelastic — ne4 (i + 1 )
dQ E2\Q2 " (1-0)2

where E is the initial energy of the PE. After this interaction the PE and the SE will be
indistinguishable so the one with the highest energy is taken to be the PE. Q is the fraction
of the incident energy that is transferred to the SE such that the SE will have an energy
of QF and the PE will have an energy of (1-Q)E. This restricts Q to having values in the
range 0 < Q < 0.5, but as Equation 2.4 has asymptotic behaviour as Q approaches zero
then a nominally small cut-off limit is used for example Qc = 0.01 which occludes this
asymptotic behaviour without cutting out too much of the potential SE cascade. The
inelastic cross section can then be found by integrating the differential cross section and
therefore the mean free path is then given by,

A

A; = — 2.5
inelastie NuZpOineiastic

The additional Z term used here when compared to Equation 2.3 is to account for the
number of electrons present in the atom. The total mean free path for an electron moving
in a material, which is the average distance an electron will move before colliding either
elastically or inelastically can be found by,

! = ! + ! 2.6
Atotal Ael /1in .

While the mean free path is the average distance that an electron will travel, an estimate
of the actual distance travelled can be found using random sampling,
step = —AInRND 2.7
where step is the distance the electron travels and RND is a randomly generated number
between 0 <RND < 1.
As an electron travels through the material, it will slowly lose energy. This model
uses a constant energy loss model derived by Joy and Luo [8] which is based on the Bethe

semi-empirical stopping power which defines the stopping power of the material,
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ds
where dE/dS is the stopping power; E is the energy of the electron; Z is the effective
atomic number and A is the molecular weight of the material; J is the mean ionization

potential. The mean ionization potential is given by,

70.19

] = [9.76z+ ]><10—3 keV 2.9

Once an electron has undergone a collision it will be deflected. The method of calculating
these scattering angles is different for elastic and inelastic collisions. For elastic collisions

the scattering angles are given by,

_ 1 (1 2aRND1 > 210
¢ = cos 1+ a — RND1 '
W = 2mRND2 211

where ¢ and v are the scattering angles that are shown in Figure 2.3, and a is the screening
factor (Equation 2.2), and RND1 and RND2 are randomly generated numbers. For

inelastic scattering the PE is deflected by angle of a which is given by,

in? o 2.12
sin P E—— .
“T2ri-wm

where t is the Kinetic energy to mass ratio (Ex/me) and, as before, Q is the fraction of
energy transferred from the PE to the SE. The SE is generated at an angle of y which is
given by,

2(1 - Q)
in2y =—~_ " 2.13
SV =S

An expression for Q is given by,

1

= 1000 — 998RND 2.14

Using this equation to calculate Q, it can be seen ~90% of SEs generated have an energy
fraction of Q < 0.01. This means that, due to such a small amount of energy being

transferred to the SE, to conserve momentum the deflection angle for the PE will be small
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on the order of 1-4°. Therefore, the much lower energy SEs are generated at an almost
perpendicular angle (84-88°). This is important as it provides an insight into how SEs
expose the resist. The perpendicular angle means that SEs provide a lateral exposure of
the resist leading to proximity effects and broadening of structures. But their low energies
also mean that they have a much higher chance of undergoing inelastic collisions
exposing the resist. Therefore, SE generation is important for resist sensitivity but can

lower resolution if the SEs are not controlled.

X PE

QF

v
"\ (1-Q)E
Figure 2.3 Schematic for the scattering angles for elastic scattering on the left and
inelastic scattering on the right. The elastic scattering diagram shows the full 3D
scatter with azimuthal angels. The inelastic scattering diagram also shows the

generation angle Secondary Electrons relative to the primary electron trajectory.

2.2.2 Low Energy Quantum Model

The previous section has shown that while few PEs may drop below the 100 eV cut off
for the ‘fast’ scattering model, within the resist layer, many of the SEs are generated at
energies with an energy fraction of Q < 0.01 meaning that depending on the initial energy,

they will be below the 100 eV threshold. This means that a low energy model is required
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to simulate the full extent of these “slow” (low energy) SEs. The following model
described here is based on a quantum scattering model derived by J. J. Sakurai [9]. This
derivation uses the Born approximation for wave scattering, treating the incoming
electron as a wave scattering off the atom which is treated as a hard sphere. Due to the
low energy of the electrons considered by this model (<100 eV) the chance of an electron
scattering elastically is greatly reduced in comparison to the higher energy model and can
be ignored. Therefore, all collisions will be assumed to be inelastic collisions. This means
that these low energy interactions will account for a large proportion of SE cascade.

The inelastic scattering cross section is given by,
4 -
o= EZ(ZZ + 1) sin?(ka)?!*? 2.15
1=0
This is expanded for the first four dominant terms of |, the orbital angular momentum
quantum number (1=0,1,2,3 or I=s,p,d,f), giving,
4r
0=3 (sin?(ka) + 3 sin?(ka)® + 5sin?(ka)® + 7 sin?(ka)”) 2.16

where k is the wavenumber which is given by,

k= ——— 2.17

and a was estimated to be ~0.025 nm (the atomic radius of Carbon) using the Thomas-

Fermi atomic radius approximation,

1 o
a=0468Z"3 A 2.18

As with the fast scattering model the mean free path is calculated using Equation 2.5. The
scattering angles for these collisions are calculated using the following equations. ¥ the
azimuthal angle is calculated, as before, using Equation 2.11. In cases where s-wave
scattering is dominant ¢s is given by,

¢s = 2mRND 2.19
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However, when higher terms of | are included as in Equation 2.16, this formula, which
assumes spherical symmetry, can no longer be used. Consequently, for these higher order
waves the scattering angle is given by,

¢, = 2sin~!(exp(—3RND)) 2.20

The total scattering angle can then be calculated as a weighted average of the two angles
giving,

¢ (kags + (ka)’¢p,) 2.21

" ka+ (ka)?

A method for determining energy transfer to SEs was suggested by Joy,

E' = EVRND 2.22
E" =E(1—+RND) 2.23

where E is the energy of the incident electron and E” is its energy after the collision. £’
is the energy given to the SE generated in the collision.

2.2.3 Auger Electron Generation

The generation of Auger electrons, as previously explained in section 2.2, is an important
mechanic for the generation of SEs. The SEs generated from these events have low
energy, compared to primary electrons, and therefore will be responsible for further chain
reactions of inelastic scattering events generating more SEs. Thus, the addition of an
Auger model will increase the ability of the model to simulate the full extent of SE
generation. Auger electron emission requires an ionization of the inner shells of an atom.
The cross section used for inner shell ionizations is the Casnati cross section [10] which
IS given by,

_ ajFR?*ABInU

= 2.24
O UE?

Where ao = 5.292x10** m, which is the Bohr radius, R is the Rydberg unit of energy R =

13.606 eV and U is the overvoltage ratio given by U=E/Eu. E is the initial energy of the
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incident electron and Evy is the electron binding energy of the inner shell electron. F is a

relativistic correction given by the following equation [11],

3
F_(2+])(1+T)2>< J+D+T)A+))?* |2 5 5
S \24+T/\1+4] TR+T)A+D2+]J2+)) '
where,
Ey
2.26
J m,c?
T =UJ 2.27
A and B are fitting parameters given by,
Ep\?
=[— 2.28
1= (%)
B =1057 ( 1.736 4 0.317) 299
= 10.57 exp U B .
0.3160 0.1135
d =-0.0318 + - 2.30

U U?
As discussed by Seah [12], whilst the Gryzinski cross section provides better accuracy
for the range 4 < U < 15 it is found to be too low by 10% for both U <4 and U > 15 hence
the preference for the Casnati cross section.

If the incoming electron successfully strikes out an inner shell electron, then an
outer shell electron will fill this vacancy. In doing so it will need to lose energy which it
will either pass to another orbital electron or an x-ray will be emitted. To determine the
probability of an AE being emitted from a vacated shell the following equation may be
used [13],

Zy=324, X=K

Z* Zy=894,X =1L
74 +Z§ Zo=1559,X =M
Zy=300,X=N

2.31

Yax =1
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where Z is the atomic number of the atom in which the Auger transition is occurring. If
the electron does not come through one of these transitions, then it can be assumed that
an x-ray is emitted instead.

2.3 Building a Simulation

Using the theory laid out in section 2.2 it was possible to build a simulation. The
simulation has been given the name EXCALIBUR which stands for EXposure
CALculations with lon Beams for Understanding Resists. The scripts that control the
simulation were written in Python due to its simplicity and the availability of libraries.
The scattering model described is not a perfect model of reality and some assumptions
must be made to simplify the simulation and so it could be constructed in a way that is
more applicable to the research environment and investigations for which it was designed.
These assumptions are as follows,
% Material layers are infinite x-y planes with a thickness in z.
¢ Electrons that are backscattered out of the resist or transmitted out through the
bottom of the substrate are considered to be terminated and no longer tracked.
¢+ Electrons are tracked for the energy range Eneam < Energy < Ec.c, where Ebeam IS
the beam energy of the simulation and Ec-c is the carbon-carbon bond energy, 3.6
eVv.
¢+ Above 100 eV electrons are treated classically using the fast electron model and
below this limit electrons are treated using the slow electron model.
¢ Electrons are tracked by storing the coordinates of interactions, the energy after
this interaction and the direction in which it will be travelling in the next step after
scattering i.e. (X, Y, z, Energy, x direction, y direction, z direction)
+«+ The beam is considered to have a gaussian profile and hence PEs are distributed
normally around the central point of exposure with a standard deviation that is

determined by the spot size of the beam.
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With these assumptions considered the overall architecture of the simulations is as
follows:

1. Define layers and materials

2. Define patterns

3. Setup electron beam: energy, dose (or number of incident electrons), spot size.

4. Simulate PEs for each pattern point by point: record trajectories as coordinates
and initial positions of any SEs and AEs generated.

5. Simulate SE Generations: record trajectories as coordinates and initial positions
of any SEs and AEs for the next generation of the cascade.

6. Calculate energy deposit matrix: divide the resist up into cubes and sum all energy
deposited in that box by any electrons passing through or any inelastic collisions
occurring in the box.

7. Plot and output trajectory data

The process of tracking electrons is shown in more detail in Figure 2.4. This loop is used
for PEs, after all the PEs have been simulated then the SEs can be tracked using a
truncated version of the loop that does not require the materials to be redefined. The loop
is also simplified as it has no consideration for where the electron is in the layer matrix
i.e. what material it is in or if it has left the matrix through either backscattering or
transmission. This check is carried out at the start of a step and also at the end of a step
to determine if the electron has crossed an interface between layers. If an electron crosses
an interface, then the step is shortened to the point it crosses the boundary and a new step
is calculated based on the parameters of the material into which it is transferring.

Also omitted from Figure 2.4 is the Auger model. As the propagation of the
electron is not dependant on this process it was emitted, however, every time there is an

inelastic collision a check occurs to determine if the ionization occurs in an inner shell
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and then the possibility of AE being emitted from the shell and the energy that such an

electron would be emitted with.
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Figure 2.4 Flow diagram

of a primary electron from
insertion into the material
matrix until termination.

Is the

electron | No |

energy >
100 eV?

|Inelasti£|

Elastic or
nelastic
collision?

Store
coordinates of
PE and SEs if

applicable

Are there
PEs Yes

remaining
9

62



2.4 Modelling Resists

Before running EXCALIBUR, the parameters of the materials, including any resists and
substrates, are needed. The main material properties required are; ‘Z’ which is the
effective atomic number of the molecule; ‘4’ which is the molecular weight of the
molecule given in g/mol; ‘»’ which is the density of the molecule or material given in
g/cm®; J’ which is the minimum ionization potential of the molecule given in keV
(Equation 2.9) and the molecular formula for of the molecule. Some examples of
conventional resist and substrate materials used for demonstration are given in the table
below.

Table 2.1 A table molecular formula and simulation parameters for some example resists

used in lithography.

Effective Molecular Densit
Name Formula Atomic Weight, A, ( /m{;)/"
Number, Z (9/mol) g
PMMA (CsO2Hs)n 5.85 100.12(monomer) 1.18
HSQ HgSigO12 10.85 424.74 1.325
FLQJeC;Ii\gt CrsFa(02CsHo)16 9.02 2185.88 121
Silicon Si 14 28 1.44

The effective Z of a material is the weighted atomic number of a molecule and can be
calculated simply from the chemical formula, for example, for a molecule with the
formula O.CpHc the total atomic number is found by,

Zeotar = Zoa + Zch + Zyc 2.32
The contribution of each atom of the molecule to the overall atomic number can then be
found by,

Zoa Z~b ZyC
Otz 7, K

2.33
Ztotal

Zeff B ZO Ztotal

The model allows for additive to be added to a resist material to allow for the simulation
of composite resists and materials. These molecules can be added to the resist using the
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same parameters as before and a ratio of the amount of additive compared to the main
molecule. This method can also be used to break down a larger molecule into modular
parts which can be changed for other molecules.

If a molecule has exposed double bonds in its structure such alkene (C=C) or
carbonyl (C=0) then they can be counted for the molecule. These exposed double bonds
are important because when they are struck by an electron, they have a chance to emit
two SEs [14]. This means that a molecule with exposed double bonds has more potential
to generate SEs compared to a molecule with the same properties which has no exposed
double bonds.

2.5 Results

To demonstrate the data produced by EXCALIBUR, a comparison of the three resist
materials described in Table 2.1 was carried out. These resists were the common resists
PMMA and HSQ, chosen due to the extensive catalogue of available data which exists
for these materials and a chromium ring resist ([CrsFs(O2C'Bu)is]) developed at the
University of Manchester and will be referred to as UoM Resist [15]. This is a generic
example of the metal organic negative tone resists investigated and developed in this
thesis (Chapter 3). For simplicity all the resists were simulated as 50 nm thick layers on
a silicon substrate, with a PE beam energy of 30 keV and with an exposure of 10,000
PE’s. The number of incident PEs was chosen as it corresponds to a line dose of 4000
pC/cm which is more than the dose needed to expose the resists and it also ensures that
sufficient SEs are generated in all the resists that with 200 re-runs there will a statistical
error < 1%.

The first set of data that can be extracted from the model and perhaps the most
important is the number of SEs that are generated in the resists. This data is shown in the
Figure 2.5. By comparing the number of SEs that are generated in the resists the relative

sensitivities can be compared.
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Figure 2.5 A plot of the number SEs generated for HSQ, PMMA and the UoM resist
over the range of 0 > E > 100 keV. Each data point represents the average SEs
generated from simulating 10,000 PEs repeated 200 times.

Evidently PMMA is the most sensitive of the three resists producing more SEs than both
HSQ and the UoM resist. This is not surprising as the dose required to expose PMMA in
experimental conditions is the lowest of the three. At 30 kV the doses for the materials
are 440 pC/cm for PMMA, 2000 pC/cm for HSQ and 28000 pC/cm for UoM Resist [16,
17, 15]. At 30 keV PMMA produces 9.5 times more electrons than HSQ and 130 times
more electrons than the UoM resist. When compared with the doses of the materials these
values show a trend and an ability to predict the relative sensitivities of materials when
compared to each other. This method is limited in accuracy when comparing the expected
doses of resist materials as the exposure dose of a material is a complex processing
parameter relying on a number of factors, the most effectual of which is the developer

regime which can lead to wildly varying doses depending on the developer used.
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Alongside the total number of electrons generated it is also possible to record in which
generation of the SE cascade these electrons were generated. The breakdown of the
cascades for the three resists are shown in Figure 2.6. It is evident that >95% of all SEs
are generated by other SEs rather than the PEs. This is due to much lower energy of the
SEs compared to the PEs which means that they enter the slow electron model much more
promptly than the PEs most of which will pass out of the resist before they can lose

enough energy to pass below the threshold.
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Figure 2.6 A plot of the number of SEs generated for each generation of the SE cascade
for PMMA, HSQ and the UoM resist.
The coordinate data recorded by EXCALIBUR can be used to reproduce the trajectories
of the electrons in the resist and substrate. These trajectory plots are plotted in real 3D
space using MATLAB and the profile view of these plots are shown in Figure 2.7.a-c.
The profile views are useful for single spot exposures as they show the spread of the
primary beam due to scattering as well as the proximity exposure caused by the lateral

spread of the SEs in the resist. From these plots the effect of the resists’ parameters on
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the electrons can be observed, as per Equation 2.3 and 2.5 as the density of the material
increases then it would be expected that the mean free path would decrease meaning more
collisions and hence more SEs, however, this is countered by increasing the atomic
weight of the material. Therefore, even though HSQ and the UoM resist have larger
densities than PMMA, their larger atomic weights lead to the larger mean free paths

overall.
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Figure 2.7 (Top row) Electron trajectory plots generated using EXCALIBUR for 50 nm
of (a) PMMA (b) HSQ and (c) UoM resist on 50 nm of silicon. Each simulation was run
using an input of 10,000 PEs at an energy of 30 keV. (Bottom row) 2D X-Z energy
deposit plots for (d) PMMA (e) HSQ and (f) UoM, generated from the same simulations
used for (a-c).

This also explains the lateral scattering that can be seen in the plots. In the HSQ and the
UoM resist the SEs will travel much further than in the PMMA before scattering. A
higher effective Z leads to a larger stopping power and a smaller inelastic mean free path.

This again helps increase the sensitivity of the HSQ and the UoM resist. One feature that
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the PMMA has that neither the HSQ nor the UoM resist have, is the exposed carbonyl
group which again explains the increased sensitivity of the PMMA.

EXCALIBUR can also produce energy deposit plots to show where the energy from the
electrons is being deposited in the resist through their constant energy loss due to the
stopping power and inelastic collisions. For the three resists, the energy deposit heat maps
are shown in Figure 2.7.d-f in the same profile view as the trajectory plots.

The 2D X-Z heat maps shown here are a flattened 3D plots where all the energy
deposits in the Y plane are stacked into one cell. It is useful to compare these plots with
the trajectory plots as is shows that even though the mean free path for the lower
sensitivity resists is increased compared to PMMA, and therefore the lateral spread of
SEs is larger, the energy deposited in the resist by these electrons is much less. This is
what gives the HSQ and the UoM resist a higher resolution, as it is the depositing of the
energy in the resist that is exposing the resist.

Understanding the results of this model compared to an established model will
always be difficult however as a qualitive comparison Figure 5.x shows scattering
trajectory plots produced using both CASINO and EXCALIBUR. The plots have been
produced with primary beam energies of 30, 10 and 5 KeV and all were simulated using
10,000 electrons in Silicon. The plots show good agreement between the two models in
terms of the spatial dispersion of the electron trajectories, however it is clear to see where
the models differ. CASINO focuses on identifying backscattered electrons which are
shown in red on the trajectory plots and EXCALIBUR shows the generations of SEs that

are not tracked by CASINO.
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Figure 2.8 (Top row) Electron trajectory plots generated using CASINO in 100 nm of

Silicon at beam acceleration voltages of 30, 10 & 5 kV. (Bottom row) Electron
trajectory plots generated using EXCALIBUR in 100 nm of Silicon at beam acceleration
voltages of 30, 10 & 5 kV. Each simulation was run using an input of 10,000 PEs.

2.6 Summary

The benefit of developing a simulation such as EXCALIBUR is that it provides an insight
into the exposure of resist materials that helps streamline the resist development process.
The time to simulate a new resist material is on the order of hours as opposed to the weeks
needed to test a new material. Testing a new material involves finding a suitable casting
solvent and determining spin parameters, then characterising the lithographic limits for
dose and resolution and finally identifying a developing solvent and optimising the
development process. This whole chain can take several weeks. If the new resist isn’t
already synthesised and the synthesis requires novel chemistry, then the whole time taken
can be in the order of months. This shows the benefit that developing this simulation has

on identifying new resists. Being able to predict the sensitivity of a proposed resist before
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synthesis has even begun allows the development to be much more targeted, and the study
can home in on the best candidate first.

There are, however, some drawbacks to this model. While certain lithographic parameters
such as resolution can be simulated, the dose of a material is not solely reliant on the
sensitivity of the material to exposure by electrons. Development after exposure will
prove to problematic for the prediction of dose, as the intrinsic sensitivity of the resist to
is not the same as dose after development. The amount of exposure that a resist needs will
change depending on the developer used and therefore this cannot currently be accounted
for.
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The current generation of semiconductor manufacturing uses techniques and materials
that have been developed side by side. Whilst the techniques may change more slowly,
as with the current shift from 193 nm photolithography to EUVL, there is always a
constant factor that drives scaling and that is the photomasks used to pattern the resists.
As manufacturers are pushing to fully optimise this fabrication process the features
demanded are becoming ever more complex and most importantly smaller. This reduction
in size, is the first requirement needed from photomasks. Photomasks must be made using

direct write lithography methods with electron beam lithography (EBL) being used for
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27.6% of all masks and laser writing accounting for the rest [1]. However, as photomasks
are needing higher resolutions the demand for EBL is also increasing. This also means
that new resist materials are needed that can be patterned to structures on the order of 10
nm which is approximately the wavelength of EUV light as sub wavelength patterning is
not currently being employed [2]. However current state of the art manufacturing targets
for the latest EUV photomasks is 10 nm half pitch with the on-mask features being 4
times larger [3].

The second important relationship between photomasks and resists is time taken
to manufacture photomasks. To maintain a high throughput of mask production resists
must be sensitive enough to bring the exposure times low enough to meet this demand,
where the current state of the art is 10 hours per mask at with a 20 nm feature size [4].
The sensitivity of a resist is determined by its dose, the more sensitive the lower the dose
needed to expose it and the shorter exposure time needed.

Finally, the third relationship is reproducibility. The lithographic process needs to
be consistent to maintain a high yield of mask production with as few defects as possible.
The metric that is used to define a resist’s ability to produce defect free structures is the
line edge roughness (LER). This is a measure of how much the edge of structure deviates
from the intended edge of the structure. It is these deviations that can cause defects if they
become too large.

Together these three parameters; resolution, sensitivity and LER, form a trade-
off, shown in Figure 3.1, that must be considered when designing any new resist material.
Resist materials tend to fall into two categories the first being the high resolution, high
dose resists shown by Resist 1 and the second type are low dose, low resolution resists
shown by Resist 2. The optimal, target resist is a combination of the high resolution of
Resist 1 and the low dose of Resist 2. By using a sub optimal resist as a starting point the

aim of resist development is to change the chemistry and the processing of a resist to
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move toward the target resist. To do this a combination of simulation, to identify potential
improvements to resist formulation, and experimentation, to confirm the improvement

and optimise the lithographic processing, can be used.

Dose
A

Resist 1:
» Ultra-high resolution
* High dose

Target

e

Pitch

Figure 3.1. The resist trade-off triangle showing the relationship between the dose,
pitch and LER. Shown in green is the optimal target resist, shown in red is a high
resolution, high dose resist and shown in yellow is a low-resolution low dose resist.

3.1 Supramolecular Resists: A Modular Resist Platform

In this chapter a resist which fell into the ultra-high resolution, but high dose category
was used as a starting point, with the aim being to use simulation and experimentation to
improve the sensitivity of the resist. To this end a family of modular resists based on
metal-organic molecules was developed, an example of which is shown in Figure 3.2. A
modular resist is a framework for resist design where a family of resists can be developed
which have the same basic structure and chemistry but with changeable ligands. This can,
in theory, control a resist’s solubility and sensitivity without affecting the lithographic

resolution and structure quality. The concept of modular resists was an essential focus
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when developing these new resists as this allows a resist to be adapted to a range of

situations without the need for a complete overhaul of synthesis which can take months

of work.
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Figure 3.2. An example of a modular resist with the main components highlighted.
There are four main components that can make up the modular resists. First, is the metallic
core which acts as the backbone of the resists to which all the other components are
attached. Second, is the main ligand which is attached to the core of the ring and gives it
solubility. Third, is the counter-ion which stabilizes heterometallic molecules but can also
contain sensitivity increasing compounds. Finally, there are additional compounds that
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can be added to the ring substituting for the main ligand. These additional substituents
can increase sensitivity but often at the cost of solubility in the developing solvent which
can decrease the final structure quality.

To simulate a resist in EXCALIBUR (Chapter 2) certain material parameters are
needed. These material parameters are the effective atomic number, the density, the
molecular weight, and the ionization potential of the material. Along with the energy of
the electrons in the material determined by the initial beam acceleration voltage, these
parameters control all the equations which govern the scattering of electrons in the
material. The successful development of a new resist relies on understanding these
parameters.

By increasing the effective atomic number there will be an increase in both the
elastic and inelastic cross sections and therefore a reduction in the mean free path. The
increase in the scattering cross sections means that a primary electron (PE) entering the
resist material will undergo more collisions whilst it is in the resist. This means that there
will be an increase in inelastic events and therefore more secondary electrons (SEs) will
be generated. Similarly, a reduced mean free path leads to a PE travelling shorter
distances between collisions and will therefore undergo more collisions whilst in the
resist. There will also be an increase in the stopping power of the resist and hence a PE
will lose energy faster which will again lead to an increase in scattering cross sections
further increasing the number of secondary electrons generated. Similar effects are
experienced by secondary electrons. Also considering that the generation angle of the
secondary electrons is close to perpendicular to the direction of the PE beam then the
secondary electrons will expose the resist laterally. The reduction of the mean free path
is beneficial as they will not travel as far in the resist reducing this lateral exposure which
is responsible for broadening of structures and hence a reduction in resolution. This shows

that a high effective atomic number is a vital property to ensure a high sensitivity. The
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effective atomic number of a resist can be increased by the addition of heavy metallic
elements and by limiting the number of organic molecules.

An increase in density will also cause a reduction in the mean free path of all
electrons in the resist. This will lead to more collisions in the resist and hence an increased
number of SEs will be generated. This again shows the benefit of large metallic atoms as
they will generally increase the density of the resist.

Increasing the molecular weight has the opposite effect as the previous two
properties. This is due to the mean free path being directly proportional and the stopping
power of the resist being inversely proportional to the molecular weight. Consequently,
larger molecules cause a decrease in the sensitivity.

The ionization potential of a molecule is intrinsically linked to its effective atomic
number and so it can be changed in the same way. Figure 3.3 simplifies how changing

these parameters will affect the lithographic potential of a resist.
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Figure 3.3 Material input parameters for EXCALIBUR and their overall effect on the
sensitivity and resolution of the resist material.
For the case of these supramolecular resists a higher sensitivity is needed to reduce the
exposure dose and time. As these resists have low density and high molecular weight,
then the sensitivity can be increased by either increasing the density or reducing the
molecular weight. In the case of the density, adding more heavy metal ions will be

beneficial and to reduce the molecular weight the molecule could be reduced in size.
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3.2 Experimental Methodology

3.2.1 Resist Preparation

A material that has been identified through simulation as a potential resist will then need
to be synthesised. This work, which can take many months of development as it often
involves novel chemistry and formulations, is carried out by members of the molecular
magnets group at the University of Manchester and product development scientists from
Sci-Tron a spin out company from the University of Manchester. Once the resist has been
synthesised it can be characterised chemically using nuclear magnetic resonance
spectroscopy (NMR), elemental analysis, mass spectrometry and X-ray single crystal
diffraction (XRD).

These analysis techniques give information on the purity, content, and molecular
structure of a resist to confirm that the expected molecule has been synthesised and there
are no impurities. Impurities such as precursor materials or by products of the reactions
in synthesis can be removed using column chromatography and filtration. Once the resist
has been isolated in a crystalline or powder form it is then ready to be dissolved in the
casting solvent. This is an important step as often the solvents used for synthesis are not
appropriate for spin coating. The choice of this solvent is important as it will affect the
quality of the film formed during spin coating. Most importantly the solubility of a resist
in different solvents will vary greatly. This affects the concentration of the solution, i.e.
the amount of resist dissolved in the casting solvent, and therefore the thickness of the
film produced by spin coating. Also, if the boiling point is too low then some of the
solvent will be lost during processing and filtering, changing the concentration of the
resist solution.

Once the resist is fully dissolved in the casting solvent it must be filtered to remove
any particles and undissolved material from the solution which would decrease the quality

of the resist films. The filters used in this work are PTFE syringe filters with a pore size
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of 200 nm for small batches or vacuum filtration using 25 nm pore size membranes for
larger quantities. The filtration removes any particles remaining from synthesis, such as
undissolved material, or picked up from a non-cleanroom environment. Depending on the
material this process may need to be repeated multiple times.

3.2.2 Spin Coating

Spin coating is the method of deposition most used to apply resist films to a range of
substrate materials. The substrate used for these resists are polished Si wafers with a
native oxide. The wafers have a thickness of 525 + 20 um with a diameter of 200 mm. To
make the wafers easier to manage and process they are cleaved, using a tungsten carbide
scribe, into smaller samples usually 10 x 10 mm or 20 x 20 mm.

It is important to remove any dust or debris that would reduce film quality; hence
the samples are cleaned using an ultrasonic bath. Firstly, they are cleaned twice in acetone
for 3 mins to remove any organic contamination, then they are cleaned in isopropyl
alcohol (IPA) for 3 minutes to remove any remaining inorganic material and to wash
away the acetone which would otherwise stain the silicon when it dries. Next, the samples
are blown dry using compressed nitrogen to stop staining of the silicon as the solvent
dries. The samples can also be soft baked to remove any residual solvent.

To spin coat the resist a sample is placed on the vacuum chuck of the spin coater
which uses a vacuum to hold the sample still while it is spun at high spin speeds. The spin
coater is then programmed with the spin routine. The spin routine used for testing the
resists has an acceleration time of 5 seconds and a deceleration time of 2 seconds and a
spin duration of 30 seconds. The spin duration is long enough for the excess resist solution
to be spun off the sample and produce a uniform film. The spin speed varies depending
on the sample size and the resist used and can be between 1000 and 8000 rpm. Using a
pipette, the resist solution is applied to the chip and to avoid the solvent from evaporating

from the resist, the spin coater is started immediately. Alternatively, the resist can be
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dropped onto the chip whilst it is spinning. Once the spin coater has finished any
remaining solvent must be removed from the film. The usual method to do this is to soft
bake the sample on a hot plate set at a temperature appropriate for the boiling point of the
casting solvent. Some resists, however, are thermally sensitive and will decompose if
exposed to heat. Instead, the solvent can be removed by placing the samples into a
vacuum, where, due to the low vapour pressures of the solvents, they will out gas from
the sample.

In the work described here the whole process was carried out in an ISO 5 clean
room to keep the samples as clean as possible when being processed. A comparison of a
resist film with no contaminants from processing and one with visible defects in the film

is shown in Figure 3.4.

Figure 3.4 Photographs showing a clean defect free film (left) and a film with large
defects caused by contaminant molecules (right). These are resist B films prepared
using the same method described in the this section. The samples are both 10 x 10 mm
wafer chips.

As shown, the two films for the same material can produce very different results. From
the left sample it is evident that there is some variation in thickness (change in colour)
from the centre compared to the edge. Also, the edge bead, which is the strip that can be
seen around the edge of the film, is an effect caused by the forces from the sharp edge of
the sample and the shrinking of the film as it dries. Lower viscosity resist solutions and

higher boiling temperature solvents will generally reduce the edge bead. In the sample on
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the right of Figure 3.4 defects in the film can be seen caused by particles trapped in the
film. These cause ‘comets’ which produce streaks in the film where the resist is blocked
from spreading uniformly across the sample during spin coating. These particles could be
from synthesis that were not removed in filtering or silicon fragments and dust from
cleaving the wafers which were not removed during cleaning.

3.2.3 Exposure and Development

For EBL, three different modified SEM systems were used: an FEI Sirion, a LEO 1550
and a Zeiss Sigma 300VP. All three systems are field emission SEMs (see Chapter 1.2.2)
capable of producing sub 10 nm structures at a range of acceleration voltages from 1-30
kV. The sample is placed on a holder which is then mounted into the main chamber of
the SEM. The chamber is then pumped down to pressures in the region of 2x10° mbar.
The electron beam can then be turned on at the required beam acceleration voltage, 30
kV is used for writing as this is the highest acceleration voltage available and hence will
have the lowest beam divergence. The beam is then focused and adjusted for astigmatism
using a calibration standard (See Figure 3.5).

Once the beam is focused the beam current is measured, which, when using a 10
um aperture, is usually between 38-43 pA. It is necessary to measure the beam current so
that the step size and the dwell time of the exposure pattern can be calculated to give the
required dose. Control of the SEM is then switched over to the pattern generator. The
pattern generator is an ELPHY Quantum system produced by RAITH [5]. Next the
sample is exposed using a pattern designed to contain a range of doses and pitches. Once
the writing is finished, the beam is switched off and the chamber can be vented, with dry
nitrogen, to atmospheric pressure. The sample can then be developed using the
developing solvent and dried using compressed air. Finally, the sample can be placed

back into the SEM to be inspected and characterized.
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EHT =2000kY  Signal A = SE2 Aperture Size = 1000 pm 9158006 mbar  Date 21 Mar 2019
| WD = 6.5 mm Mag= 1000 Kx ExtlIhonitor= 1364 pA  d4de.010mbar  Time 16:41.08

Figure 3.5. An SEM image of the Chessy calibration standard, used to ensure the SEM
is in focus before being used for exposure.

3.3 Results: Designing Modular Resists

A series of resists based on the modular approach to designing resists were developed for
electron beam lithography. The resists discussed in this section and their material
parameters are shown in Table 3.1. Also shown are the modular components of the resist
and their percentage mass of the overall molecule to illustrate the changes between resists.

The family of resists that constitute the backbone of this work is the chromium
ring family [6] which are organometallic rings made up of 8 metal atoms connected by
fluorine atoms to form a ring. These rings are surrounded by carboxylate ligands which
give the metallic rings solubility in common solvents. The first and most basic ring in this
family is resist A which is a ring of 8 chromium atoms surrounded by 16 pivalates (ligand
form of pivalic acid). This resist is the starting point for all the resists in this family and
has been shown to have excellent resolution (when exposed at 100kV) and dry etch
selectivity. 15 nm lines with a pitch of 40 nm were transferred into the silicon substrate

showing an etch selectivity of 45:1 [7]. However, the dose for this resist was very large
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requiring exposure doses of 61,000 pC/cm? which reduces its viability as a resist for
fabrication of devices or photomasks. Another point of note is the reduction in thickness
between the film before exposure and the height of the final structures by a factor of
approximately 5, which would normally be of concern but due to the high etch selectivity
the expected reduction in maximum etch depth is avoided. Despite these issues, it
provides a good starting point for an evolutionary chain of resists where the aim is to
increase the sensitivity and hence reduce the dose whilst maintaining its resolution. The
parameters that give the resist good resolution are its low density and large molecular
weight as these parameters limit the scattering cross sections of electrons in the resist and
hence reduce lateral exposure.

The first step to improve the resist was to add a diallylammonium cation at the
centre of the ring. This gave resist B which has the formula
[NHz(allyl)2][Cr7NiFs(O2C'Bu)is] [8]. To make this step the chromium ring had to be
changed to a heterometallic ring [9] by substituting a chromium atom for a nickel. This
allows the inclusion of a counter ion to balance the charge of the ring. This counter ion
can simply be a singly charged ion e.g., caesium, however, more complex organic
molecules such as amines can be used. In this case the amine used is diallylamine, which
is protonated during the synthesis to become a diallylammonium cation; the inclusion of
this molecule is based on the common accelerators and sensitivity promoters used in
commercial positive tone resists. In this case as with PMMA (Chapter 1.5), the hypothesis
was that the alkene bonds on the diallylamine molecule would increase the sensitivity of
the resist [10]. It would achieve this by acting as a source of secondary electrons and
generating free radicals that would help destabilise the resist molecules and render them
insoluble [11]. As the overall chemistry of resist B remains very similar compared to A
it was predicted that the lithographic resolution would be unaffected whilst the sensitivity

is increased.
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To further increase the sensitivity, heavy metal salts can be hung on the outside
of the ring. The heavy elements added in this way greatly increase the effective atomic
number of the molecule in this region effectively acting as scattering point and hence a
localised area of SE generation. Also, due to their weight, they dominate the molecule
increasing the density and hence greatly increasing SE generation. To add these heavy
elements to the ring, a pivalate ligand had to be substituted with an iso-nicotinate bridge
which then allowed HgCl> (resist C: [NHz(allyl)2][Cr7NiFs(O2C'Bu)15(02CCsH4N-
HgCl2)]) and Hgl2 (resist D: [NHz(allyl)2][Cr7NiFs(O2C'Bu)15(02CCsH4N-Hgl?)]) to
be attached to the ring.

Whilst the main purpose of this exploration of the modularity of the chromium
ring family was to increase the sensitivity another approach that can be taken is to change
the main ligand of the ring with the intention of changing the solubility of the resist to
allow it to be processed in different solvents. To allow the solubility of the resist in
anisole, the pivalate ligand was replaced with the benzoate ligand which would allow for
the possibilities of the formulation of composites with PMMA. This led to the creation of
resist E: [NHz(allyl)2][Cr7NiFs(CeHsCOO)16]. The reason a composite of this resist with
PMMA is desirable, is that adding a resist such as this with its metal core could potentially
increase the etch resistance. A foreseeable problem, however, with the inclusion of the
benzoate, is that the phenyl rings that are being placed on the outside of the ring act as
electron sinks, absorbing electrons and hence increasing the required exposure dose [12,
13]. The absorbing of the SEs by the phenyl rings also has the desirable effect of reducing
the proximity exposure which will increase the resolution.

One of the main factors limiting the sensitivity of the chromium ring resist family
is the large molecular weight and the relatively low density of the resist due to its
geometry. Instead, an alternate direction, that was predicted to increase sensitivity, was

to reduce the overall size of the molecule. A molecule that could fulfil this role whilst
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maintaining the opportunity for potential modular chemistry, was a chromium triangle.
Whilst a homometallic {Cr3} triangle resist was synthetically possible; it was not possible
to spin coat due to the presence of external counter ions (not contained within or attached
to the molecule) in the solution. These counter ions greatly reduced film quality meaning
the first resist had to be a heterometallic triangle. Resist F is a chromium triangle with a
substituted nickel. Similarly, to resists A - D the main ligand for F is a pivalate. Unlike
the chromium ring, the triangle has free sites that extra ligands can be attached to without
the need for a substitution of the main ligand. Following the success of the addition of the
diallylammonium to the chromium ring resists, a ligand with an exposed alkene bond was
chosen to increase the sensitivity of the resist. This molecule was vinyl-pyridine (VinPyr)
and therefore the full formula for F is [CrzNiO(O2C'Bu)s(VinPyr)3].

Another direction that could be taken was to change the metal that makes up the
core ring of the molecule. To this end an indium ring (resist G:
[NH2z(allyl)2][In7NiFs(O2C'Bu)1s]) was developed [14]. Indium was chosen due to its
much higher atomic number compared to chromium and its sensitivity to other exposure
sources such as EUV. Like the chromium ring resists (B - D) this indium ring has a
pivalate as its main carboxylate ligand and a diallylammonium as the counter ion. The
switch from chromium to indium will increase both the effective atomic number and the
density of the molecule. This means as per section 3.1, the probability of scattering and
the stopping power of electrons in the resist will be increased which will lead to more SEs

being generated and therefore an increase in sensitivity.
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Table 3.1 A table of resists A — G showing their molecular structures and simulation
values: effective atomic number - Zer, molecular weight - A, density - p and mean
ionization potential - J. Also shown are the modular components of the resist molecules
and their simulation values. The percentage values in the component column are the
weight percentage of each component as a fraction of the total molecule. *density values

for the core components are not known as this cannot exists as its own compound,

therefore overall values of the molecule were used.

A
Resist Component Name/Formula Zeff P
(g/mol) (g/cm?)
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>/Roo/m£ :\\ _.0 R
el s g
0/9{\/ \\\g/o
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Table 3.1 Continued

[NH2z(allyl)2]
[Cr7NiFs(O2C'Bu)z¢]

8.99
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Core
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Table 3.1 Continued

XNSNNF
Counter-lon H
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(X) (3.76%) diallylammonium
(NCsH11)
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Table 3.1 Continued

[NH2z(allyl)2]
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Table 3.1 Continued

.\ T
Additional |
(X) x N~F 550 | 105.1 | 0.975 | 0.096
(28.65%) | N
vinylpyridine (C7H7N:)
NH2(allyl
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3.4 Results: Electron Scattering Simulations

Before any lithography or experimentation was carried out on any resist material they had

to be simulated. The resists A — G were all developed using simulation before synthesis

and all were chosen as they demonstrate chemical traits that raise their exposure to

sensitivity compared to the starting resist A. To properly compare the materials using

results from EXCALIBUR they had to be simulated in the same conditions and paramters

in the simulation environment. Each resist was simulated as a 50 nm layer on a 50 nm Si

layer. In real world conditions the silicon wafer substrate is 525 pm thick however in the

simulation 50 nm of silicon is thick enough to simulate the resist-substrate interface and
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any SE exposure from the Si back into the resist within a focus on the close proximity of
the exposure area. At this point the doses required to expose the materials is an unknown
quantity therefore to keep the exposure consisitent and comparable, an arbritary dose of
5000 pC/cm was used. This dose equates to an input of 12,500 PEs and the energy of
these electrons was 30 keV which matches the 30 kV accelaration voltage of the
equipment used for the lithography of these resists.

Using these parameters, the electron trajectory plots shown in Figure 3.6 were
generated. Each pair of figures shows the trajectories of the PEs and SEs in each resist as
well as the corresponding energy deposit plot. Viewing both of these plots side by side
allows insight into not just the spatial distribution of the electrons in the simulation but
also the energy that these electrons are transferring into the resist as they travel thorough
and collide with the molecules in the resist.

Following the evolutionary sequence laid out in the previous section, comparing
A (Figure 3.6.a&h) with B (Figure 3.6.b&i) shows the effect of adding the
diallylammonium to the resist. It is clear in the trajectory plots that there is an increase in
scattering and this is consistent with an increase in energy being deposited in the the resist
outside of the PE beam. This shows that the alkene bonds from the diallylammonium and
the slight increase in density have increased the number of SEs generated by B despite
the reduction in Zess and the the increase in the molecular weight which as per Figure 3.3.
Similarly, C (Figure 3.6.c&j) and D Figure (Figure 3.6.d&K) show a further increase SE
generation and energy deposits in the resists, this shows the effect, on the molecule, of
the addition of the mecrury salts. The addition of the mercury has given an increase in the
overall Zes of the molecule as well as the density, which prove to be significant enough
to discount the increase in the molecular weight. The mercury salt effectively acts as a
local scattering point generating SEs that will scatter with nearby constiutents of the

molecule breaking apart the pivalate ligands exposing the resist. Resist E (Figure
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3.6.e&l) shows the expected decrease in SE generation which, the reduction in Zes and
the density and an increase in the molecular weight, would suggest. This decrease in SE
generation is caused by changing the ligand from pivalate to benzote to allow solubility
in anisole, which increases the amount of organic material and thus outweighs the metallic
core in the ring leading to the decrease in the Zeft. The first departure from the chromium
ring is the chromium triangle resist F (Figure 3.6.f&m) This resist again shows an
increase in SE generation when compared to resist A which is consistent with the large
reduction in the molecular weight of the resist and also the addition of the alkene bonds
via the vinylpyridine. Finally, resist G (Figure 3.6.g&n) once again shows the expected
increase in SE generation caused by the change from chromium to indium which gave the
metallic core more prominence in the ring increasing the Zes and the density. However,

this effect is somewhat tempered by the large increase in the molecular weight.
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Figure 3.6 (a-g) Electron trajectory plots for 50 nm of resists A-G on 50 nm of silicon

exposed with a dose of 5000 pC/cm at 30 keV. This equates to 12,500 primary electrons
input for the simulation. The colours of SEs are as follows gen I: red, gen Il: blue, gen
I11: green & gen 1V: magenta. Plotted using MATLAB (h-n). energy deposit plots of the

electron trajectories. All simulations run using EXCALIBUR.
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Quantitatively, the effect of changes made for each resist are shown in Figure 3.7 where
the number of SEs generated for a range of doses are compared for all the resists. This
data is extracted directly from the model and consists of only the SEs generated in the
resist ignoring those generated in the silicon substrate. To eliminate stochastic noise
which is inherent when using Monte Carlo methods each simulation was run 200 times
which reduced the statistical error to <1%. The dose here represents the number of
incident PEs and considering these values and calculating the gradient of the line it is
possible to calculate the number of SEs generated per PE or the SE yield. Here it is
predicted that resist D will have the largest number of secondary electrons generated. If

this corresponds directly to sensitivity, then D should have the lowest dose.

90000

80000

T 70000
§ ——A
é ——B
|(_,n"j —«—C
5 D
@ ——F
F

0 10000 20000 30000 40000
Dose pC/cm

Figure 3.7 Simulated number of SEs generated for a dose sweep for resists A — G. All
resist were simulated as 50 nm thick layers with a 30 keV beam energy. The simulations
were repeated 200 times to minimise error.

The SE vyields for the resists calculated from the gradients are given in Table 3.2. Also
shown in the table is the ratio of the yield for each resist compared to the yield for resist

B. Despite A being the starting point upon which most of these resists are based, B is
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chemically the most similar with only one change needed to get all other resists (apart
from F).
Table 3.2 A table of gradients of Figure 3.6 which represent the SE yield (y) per PE. Also,

the ratio of the SE yield compared to the SE yield of resist B.

Y 028 | 033 | 0.72 | 084 | 034 | 0.69 | 042

v/ys | 0.83 1 214 | 251 1.02 | 2.06 1.25

=== == == == NOTE = == == ======

As resists C, D, E & G all have similar structure and include the diallylammonium
cation, they can all be considered as evolutions of resist B and for this reason it is used
as the benchmark for comparison. This is the reason that the simulated SE yields in Table

3.2 are ratioed with B.

3.5 Results: Sensitivity and Resolution Characterisation

Resists A - G were exposed using electron beam lithography. To keep the comparison
between results sensible each resist was processed in the same manner using the same
spin conditions and exposure parameters. To determine the dose of the resist a pattern
was used that consisted of sets of 10 lines with each set increasing in dose factor. It can
be assumed that if a pitch is not included in the results, then the lines weren’t fully
resolved, where either no individual lines can be identified or there was an overwhelming
number of defects and bridging between the lines, which would not be viable for
lithography.

The way the test pattern is designed means the best resolved lines exist on the
threshold of exposure. Below this dose, the lines will be unresolved and above this dose,
the lines will be properly exposed until they are overexposed. This means that often the

imaged sets of lines may have lines missing, where underdosed lines have collapsed and
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have not adhered to the substrate, subsequently being washed away in the developing
solvent, thus showing the minimum exposure dose has been found. There will be some
additional background exposure due to the proximity effect increasing the overall
exposure of a set of lines. Therefore, the doses measured are the lowest doses achievable
for the pitch.

The first molecule, A, has good solubility in a range of solvents including hexane
and tert-butyl methyl ether (tBME) due to the pivalate ligands surrounding its metal core.
For spin coating tBME was used as the casting solvent with a concentration of 15mg of
A'in 1 g of solvent giving 100 nm thick films at 8000 rpm. The resist was soft baked to
remove the excess solvent at 100°C for 2 minutes. Due to the volatility of tBME, it has a
very low boiling point of 55.2°C [15], most of the solvent will evaporate during spin
coating. Figure 3.8 shows the SEM images of exposed single pixel lines in resist A. The
lines show the minimum exposure doses for the resist at pitches of 60-100 nm. 60nm
pitch was the lowest pitch resolved for this experiment using the Zeiss Sigma SEM. The
structures show the resist has good resolution at a 30kV exposure voltage however the
dose of 28,000 pC/cm at 60 nm pitch is very high compared to commercial negative tone
EBL resists (Chapter 1.3). As expected, this puts this resist outside the target zone in the
trade-off triangle (Figure 3.1) but provides a starting point as a high-resolution, high dose,

type resist.

97



100 nm Pitch
Dose: 22,000 pC/m

90 nm Pitch
Dose: 22,000 pC/m

80 nm Pitch
Dose: 24,000 pC/m

70 nm Pitch
Dose: 26,000 pC/m

60 nm Pitch
Dose: 28,000 pC/m

Figure 3.8 An SEM micrograph lines patterns for pitches of 100 - 60 nm fabricated in
resist A. All patterns were exposed with an acceleration voltage of 30 kV and a step size
of 2 nm. The structures were developed in hexane for 10 seconds.

As with resist A, resist B also has pivalate ligands and therefore it has similar processing
properties. For spin coating the casting solvent was tBME and the films were spun to a
thickness of 100nm at 8000 rpm from a solution of 15mg B in 1g tBME. A soft bake of
100°C for 2 minutes was used. The samples were written using an acceleration voltage
of 30keV and a beam current of 40pA and then developed in hexane for 10 seconds before

being blown dry with dry compressed air. Figure 3.9 shows the minimum exposure doses
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for line structures in resist B at pitches of 50-100 nm. 50nm pitch was the lowest pitch
resolved for this experiment with a dose 10,000 pC/cm.

100 nm Pitch
Dose: 7000 pC/cm

90 nm Pitch
Dose: 8000 pC/cm

8onmPitch '}
Dose: 8000 pC/cm

i
{
{
(]

70 nmPitch || ||
Dose: 8000 pClcm |

i
i
:

60 nm Pitch
Dose: 9000 pC/cm

50 nm Pitch
Dose: 10,000 pC/cm

Figure 3.9 An SEM micrograph lines patterns for pitches of 100 - 50 nm fabricated in
resist B. All patterns were exposed with an acceleration voltage of 30 kV and a step size

of 2 nm. The structures were developed in hexane for 10 seconds.

99



It can be seen from the lithographic and simulation results which are compared in Figure
3.10, that adding the diallylammonium had a large overall effect on the sensitivity of the
resist decreasing the required exposure dose by an average of 3.1 for all pitches. The
generation of secondary electrons can be assumed to be a direct indicator of resist
exposure as it is the inelastic collisions that generate these SEs that are breaking the bonds
in the resist and rendering it insoluble. The results of the simulation show a predicted
increase in SE yield of only 1.2 for B compared to A. However, when the recorded
experimental doses are used as input for simulation then there is a decrease in the total
number of SEs generated by a factor of 2.6. Logically, this makes sense as a resist with a
higher sensitivity should need a lower number of electrons to expose it. The effect of
adding of the diallylammonium is that it has changed the density and the weight ratios of
the ligand and the core when considered in the simulation (Table 3.1). Additionally,
increasing the density has increased the secondary electron generation in B leading to
lower exposure doses. The alkenes on the diallylammonium also decreased the required
exposure dose as when they are struck by an incident electron, they generate an additional
secondary electron when the bond is broken. This increase in sensitivity compared to
resist A (Figure 3.6) has not resulted in a significant increase in the line width of the
resolved structures. This is a success and an important step in understanding the essential
function of the counter ion in the molecule and hence how it can influence further

developments in modular resists.
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Figure 3.10 A plot of comparison of doses and simulated SE generation at these doses
for resist B compared to A. The simulation data is the average of 200 runs to minimise
the error.

Following on from the successful addition of the diallylammonium to the ring resists C
and D were investigated. Once again, these molecules have similar chemistry to resist A,
however, due to the substitution of the mercury salts, their solubility is considerably
reduced. This enforced a practical limit on the number of ligands that could be substituted
without impeding the solubility of the resist in the casting solvent. For spin coating, 15
mg of C was dissolved in 1 g tBME and produced 70 nm films at 8000 rpm. The decreased
thickness is due to the increased molecular weight of the material, therefore decreasing
the concentration of the resist solution. For the exposure, the resist was exposed using a
30 KeV beam energy and a current of 40pA. Once exposed, the sample was developed in
hexane for 20 s to account for the reduced solubility and blown dry using dry compressed
air. Resist D was cast in tBME with a concentration of 15 mg in 1g of solvent and spun
at 8000 rpm to produce films with a thickness of 65 nm. The resist was then exposed in

the Zeiss Sigma SEM using a 30KeV beam energy and a beam current of 40pA. After
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exposure, the resist was then developed in hexane for 30 seconds to make sure all the
remaining resist was removed and was then blown dry.

Figure 3.11 shows the exposure results for resist C. As previously explained, this
is the minimum dose needed to produce uninterrupted structures and due to this some of
the lines in the set may be collapsed. The micrographs show that 60 nm pitch was

achieved with a dose of 3000 pC/cm.

100 nm Pitch
Dose: 2500 pC/cm

90 nm Pitch
Dose: 2500 pC/cm

80 nm Pitch
Dose: 2600 pC/cm

70 nm Pitch
Dose: 2750 pC/cm

60 nm Pitch
Dose: 3000 pC/cm

Figure 3.11 An SEM micrograph lines patterns for pitches of 100 - 60 nm fabricated in
resist C. All patterns were exposed with an acceleration voltage of 30 kV and a step size

of 2 nm. The structures were developed in hexane for 30 seconds.
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Compared to resist B there has been a reduction of dose by a factor of 2.99 and once again
the quality of lithography is consistent. Although 50 nm pitch was not resolved, these
results are still of a good standard and the losses are offset by the greatly increased
sensitivity and reduced dose.

Shown in Figure 3.12 are the SEM micrographs of the developed structure for
resist D. As with C, the dose has been further reduced while still maintaining the quality
of the lithography with 60 nm pitch being resolved at a dose of 2700 pC/cm. The reduction
in dose for D compared to C is due to the additional mass provided by the iodines attached
to the mercury. Additionally, the reduced solubility in the developing solvent means that
the resist needs less exposure to become fully insoluble in the developer to the point where
structures can be formed. The dose decrease from B to D was 3.17, which again shows

the effect of the addition of the heavy mercury salt.
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100 nm Pitch
Dose: 2300 pC/cm

90 nm Pitch
Dose: 2500 pClcm

80 nm Pitch
Dose: 2500 pCicm

70 nm Pitch
Dose: 2600 pC/icm

60 nm Pitch
Dose: 2700 pCl/cm

100 nm

e

Figure 3.12 An SEM micrograph lines patterns for pitches of 100 - 60 nm fabricated in
resist D. All patterns were exposed with an acceleration voltage of 30 kV and a step size
of 2 nm. The structures were developed in hexane for 30 seconds.

In the interest of brevity and due to both C and D introducing similar mechanics the
simulation results have been collated in Figure 3.13. Here the doses from experimentation
and the SE generation from simulation are compared to resist B. The results from
experimentation show an increase in sensitivity from the addition of the HgCl. and Hgl>

being 2.99 and 3.17 respectively. This corresponds with the increase in SE yield of 2.14
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and 2.51 with respect to B. However, as can be seen from Figure 3.13, using the
experimental doses as input for the simulation the number of SEs needed to expose the
resist show that resist D requires more electrons to be fully exposed than resist C.
However, these SEs are provided by the increase in secondary electron generators (the
diallylammonium and the Hglz) which shows some disconnect between the sensitivity of

a resist to exposure and the SE yield.
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Figure 3.13 A plot of comparison of doses and simulated SE generation at these doses
for resist C and D compared to B. The simulation data is the average of 200 runs to
minimise the error.

As stated, the casting solvent for resist E was anisole and the concentration of the resist
was 30 mg of E in 1 g of anisole. When spun at 4000 rpm this solution gave films with a
thickness of 45 nm. As the boiling point of anisole was 153.8°C [16], the films were soft
baked at 180°C for 2 mins to ensure all the casting solvent was fully evaporated. The
resist was then exposed using the Zeiss Sigma at 30 KeV with a beam current of 42 pA.
Anisole was used to develop the films post exposure with a development time of 30

seconds. Figure 3.14 shows the exposure results for E, which, as expected have greatly
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increased doses compared to resist B with 40 nm pitch being resolved at a dose of 36,000
pC/cm. Due to the inclusion of the benzoate, the dose increased by a factor of 3.5
compared to when the pivalate ligand was used. This increase could be due to the change
in developer due to the chemistry of the benzoate ligand, but the phenyl rings contained
in this ligand will act as electron sinks blocking SEs from exposing the resist and reducing
the dose [12, 13]. However, the results show excellent resolution and structure quality

with the best resolution of the resists presented here.
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100 nm Pitch
Dose: 26,500 pC/cm

90 nm Pitch
Dose: 28,000 pC/cm

80 nm Pitch
Dose: 28,500 pC/cm

70 nm Pitch
Dose: 30,000 pC/cm

60 nm Pitch
Dose: 31,000 pC/cm

50 nm Pitch
Dose: 32,000 pCi/cm

40 nm Pitch
Dose: 36,000 pC/cm

Figure 3.14 An SEM micrograph lines patterns for pitches of 100 - 40 nm fabricated in
resist E. All patterns were exposed with an acceleration voltage of 30 kV and a step size

of 2 nm. The structures were developed in anisole for 30 seconds.
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The increase in dose predicted by the simulation compared to the experimental
increase can be seen in Figure 3.15. Here the model has underestimated the increase in
dose as there was an increase in the SE yield in the model by a factor of 1.02 yet the dose
does not reflect this. The reason for this discrepancy could be that the model does not
account for the electron sink effect of the phenyl rings. Also, the simulation does not
account for the change in developing solvents from hexane to anisole and therefore the

effect of the resists solubility in the developer.
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Figure 3.15 A plot of comparison of doses and simulated SE generation at these doses
for resist E compared to B. The simulation data is the average of 200 runs to minimise
the error.

For resist F the pivalate ligands that surround the triangle meant that this resist was
soluble in tBME, however, its solubility was far lower than that of A - D with the
concentration of 15 mg in 1g of solvent being near the saturation limit. As with the
previous resists, F was exposed using a Zeiss Sigma with a beam energy of 30 KeV with
a beam current of 40 pA. Figure 3.16 shows the results of exposing resist F and using

hexane as the developer. As predicted, the reduction of the molecule size and the addition
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of the vinyl pyridine caused an increase in sensitivity leading to the most sensitive
chromium-based resist tested so far. A dose of 1450 pC/cm at 100 nm pitch meant a
reduction in dose by a factor of 4.5 compared to resist B and a factor of 1.4 compared to
resist D (the fastest chromium ring resist). Unfortunately, the quality of the lithography
for this resist is poor with breaks in the structures. These breaks are undesirable as they
will be transferred through into any device made using this resist. Also visible in the SEM

micrographs is a scum layer which is not removed during developing.
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100 nm Pitch
Dose: 1450 pCicm

90 nm Pitch
Dose: 1500 pCicm

80 nm Pitch
Dose: 1750 pC/cm

70 nm Pitch
Dose: 2000 pC/cm

60 nm Pitch
Dose: 2500 pC/cm

Figure 3.16 An SEM micrograph lines patterns for pitches of 100 - 60 nm fabricated in
resist F. All patterns were exposed with an acceleration voltage of 30 kV and a step size
of 2 nm. The structures were developed in hexane for 30 seconds.

To try and improve the quality of the structures another developer, propylene glycol
methy| ether acetate (PGMEA) was used. Figure 3.17 shows the results when resist F was

developed in PGMEA for 30 seconds.
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100 nm Pitch
Dose: 8550 pC/cm

90 nm Pitch
Dose: 9000 pC/cm

80 nm Pitch
Dose: 9600 pC/cm

70 nm Pitch
Dose: 11,100 pC/cm

60 nm Pitch
Dose: 12,100 pC/cm

Figure 3.17 A An SEM micrograph lines patterns for pitches of 100 - 60 nm fabricated
in resist F. All patterns were exposed with an acceleration voltage of 30 kV and a step
size of 2 nm. The structures were developed PGMEA for 30 seconds.

Using this developer, instead of hexane, greatly increased the fidelity of the structures but
increased the dose by 5.9 times to 8550 pC/cm at 100 nm pitch. The doses required with
this developer are also 3.7 times slower than the fastest chromium ring resist which gave

similar lithographic quality.
When the reduction in dose and the increase in SE yield are compared for this

resist with respect to B in Figure 3.18, it is found that despite a reduction in dose by a

111



factor of 4.5 the SE yield only increased by a factor of 2.06. The reduction in the SEs at
the correct exposure dose shows a reduction by a factor of 2.12. This shows that the
model has a weakness when comparing resists with large chemical differences and that

whilst an increase in sensitivity can be predicted the accuracy is not reliable.
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Figure 3.18 A plot of comparison of doses and simulated SE generation at these doses
for resist F compared to B. The simulation data is the average of 200 runs to minimise
the error.

Finally resist G was characterised. Due to it having the same pivalate ligand as A it
exhibits very similar solubility in casting solvents and developers as well as similar spin
properties. However, by replacing the chromium with indium the resist has become much
more hydroscopic. To counter this, dry solvents were used as casting solvents to reduce
the resists exposure to moisture in solution. Care had to be taken to reduce the exposure
of this molecule to moisture and light which both caused decomposition of the resist in
solution, leading to poor film quality and increased doses. For spin coating the resist was
cast in dry hexane with a concentration of 15 mg of G in 1 g of dry hexane producing

films with a thickness of 45 nm at a spin speed of 4000 rpm. Due to the thermal instability

112



of this resist, it cannot be baked after spin coating and so the casting solvent is removed
in vacuum. The resist was exposed using 30 KeV beam energy and 39 pA using the LEO
1550 SEM. After exposure, the resist was developed using hexane for 10 seconds and
then blown dry with dry compressed air. Figure 3.19 shows the developed indium ring
structures. The doses for this resist are the best of any ring resist tested, having a dose of
1000 pC/cm which is 2.3 times lower than resist D at 100 nm. This resist was able to
match the chromium ring for resolution achieving 50 nm pitch. The lines are very thin
suggesting that with thinner films and using a 100 kV tool even lower pitches could be
achieved. When compared to B the increase in sensitivity shows this resist is promising

as the starting platform for a new resist family.
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Dose: 1000 pC/cm §
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90 nm Pitch
Dose: 1100 pC/cm
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Dose: 1100 pC/cm
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70 nm Pitch
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60 nm Pitch
Dose: 1300 pClc

50 nm Pitch
Dose: 1400 pCicm
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Figure 3.19 An SEM micrograph lines patterns for pitches of 100 - 50 nm fabricated in
resist G. All patterns were exposed with an acceleration voltage of 30 kV and a step size

of 2 nm. The structures were developed in hexane for 10 seconds.

When compared to resist B (Figure 3.20) there was an average reduction in dose by a

factor of 7.05 however there was only an increase in SE yield of 1.25 times. The average

reduction in SEs at the correct exposure dose is 5.62. This shows that the sensitivity of
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the resist does not only come from the effect of the change to indium on the Zef and the
density but also the instability of the resist during processing to both moisture and
temperature. This suggests that the sensitivity of a resist is not solely determined by the

SE generation.
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Figure 3.20 A plot of comparison of doses and simulated SE generation at these doses
for resist G compared to B. The simulation data is the average of 200 runs to minimise
the error.

Figure 3.21 shows a comparison of the doses for all the resists tested. It is clear to see
that there is a near constant reduction in dose throughout the development of these new

resists culminating with the development of the indium ring-based resist G.
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Figure 3.21 A comparison plot of the doses for all modular resists A — G for all
resolved pitches.

3.6 Results: What is Left Behind? - XPS Analysis

To better understand the exposure mechanics for the metal-organic supramolecular
resists, X-ray photoelectron spectroscopy (XPS) was used to analyse the resist’s chemical
composition before and after exposure. By looking at the shifts in the peaks of the spectra,
some approximations can be made about how the structures of the molecules are changing
when being exposed. For the XPS analysis the near-ambient pressure X-ray photoelectron
spectroscopy (NAP-XPS) system, at the Photon Science Institute at the University of
Manchester, was used. Films of resist D were spun using the same parameters given in
section 3.3.1. As XPS would be able to probe the top 5 nm of the resist film, it was

important that the films should be thick enough to ensure that the silicon substrate could
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not be detected. As an analogue to exposure in an electron beam system, the resist was
exposed using an electron gun used for Low-energy electron diffraction (LEED). The
acceleration voltage for the LEED gun was only 750 V and the stage was biased to 250
V giving a total beam energy of 1 keV, but as the size or dose of exposure was not
important to this experiment, this was not a concern.

Figure 3.22 shows the spectra for resist D with the black data showing unexposed
resist and the red data showing exposed resist. For calibration, and so that they could be
compared, the two data sets were normalised with respect to the carbon 1S peak. As can
been seen in the enlarged subfigure of the carbon 1S peak, the main peak is relatively
unchanged, however the side peak has been reduced. This side peak represents the O-
C=0 which is the carboxyl group responsible for connecting all ligands onto the metallic
ring. Therefore, it can be inferred that, by breaking down these carboxylate bonds and
removing ligands from the ring the solubility would be reduced. The breakdown of these
ligands forms a CO and CO2 gas mixture which diffuse out of the resist and is then
removed from the vacuum via the pumps. This allows the formation of insoluble
structures through exposure. This agrees with the hypothesised reduction in solubility of
the rings with the removal of the ligands and matches observations where replacement of
the pivalate ligand, with the isonicotinate + Hgl ligand, greatly reduced the solubility of
the ring.

From the Cr 2p spectra it is evident that the peak has broadened and shifted to the
right. This is indicative of a change of oxidation state of the chromium atoms in the ring
which is again consistent with the removal of the carboxylate bonds from the ring. The
chromium carboxylate bonds have been replaced with a mixture of CrOx states which are
insoluble in hexane, the developing solvent.

The main spectra also shows that the mercury which is present before exposure is

no longer present after exposure. This suggests that the ligands which contain mercury
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have been broken down and due to the low vapor pressure of the mercury, it diffused out

of the film and sublimed in the vacuum.
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Figure 3.22 A plot of the XPS spectra for resist D, before and after exposure. Inset are
subfigures focusing on the Cr 2p, O 1s and C 1s spectra.

3.7 Summary

In summary, a series of modular resists were developed which successfully improved on
the initial resist, A. This resist had good lithographic performance but required a large
exposure dose. A large dose makes using the resist for fabrication impractical due to the
long exposure times needed. This reduces throughput for the manufacture of photomasks
which is a critical metric in the semiconductor industry. The improvements for the main
chromium ring family came from adding a diallylammonium counter ion in the centre of
the ring and substituting an outer ligand with a carboxylate containing a Hgl> molecule
(resist D). This reduced the dose by a factor of 3.17 without compromising the

lithographic performance. Just as important as this result was the confirmation of the
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accuracy of the simulation and its viability as a method to identify a potential new resist
material before synthesis. In practice, this process is not flawless because it cannot predict
the solubility of a resist in a casting or developing solvent and hence its spin coating
performance. It is also unknown if the synthesis is even possible but used in consultation
with the synthesis team then it is a powerful tool.

According to the simulation model parameters reducing the molecule size whilst
retaining similar chemistry was hypothesized to reduce the dose. This was confirmed by
resist F which again showed a reduction in dose compared to resist D. However, the
lithography was poor but could be improved by changing the developer from hexane to
PGMEA, unfortunately, this increased the dose by a factor of 5.9.

The largest increase in sensitivity was found to be resist G which was attained by
changing the chromium ring for an indium ring which gave a dose of 1500 pC/cm at 50
nm pitch. This resist gave an overall reduction in dose by a factor of 22 (at 100nm pitch)
compared to the starting resist A. The next step in the development of these modular
resists would be to add mercury ligands to the indium resist, which based on the impact
on the chromium resists could potentially yield a resist with a dose of 390 pC/cm at 60
nm pitch.
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lons can be used as an exposure source in lithography much like electrons are in
lithography. As ion source stabilities have improved the viability of ion beams as a
lithography tool have increased and the benefits that ions can offer are being explored.
Theoretically ions will have much larger stopping powers when compared to electrons of
the same energy due to their much larger mass. Chapter 2 and 3 have shown how essential
SEs are in the exposure of resist materials and the larger stopping power of ions should
mean that SE generation will increase when compared to electrons.

Unlike electron beam lithography (EBL), there is a lack of simulation software

for ion lithography. Popular ion simulation packages like SRIM/TRIM [1] provide
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accurate data regarding ion penetration and propagation into a material. However, for the
application to lithography it is essential for SE generation to be fully simulated as these
are vital for resist exposure and for investigating lithographic properties such as
sensitivity and the proximity effect. Developing a model that can simulate SE generation
and fully track subsequent generations of low energy electrons is important to
understanding resist exposure and developing new resists for ion lithography.

4.1 lon Scattering Theory and Models

As with the EBL simulation developed in chapter 2 the focus of this chapter is not to
develop new models for ions in materials but to apply already developed models in a
framework that is conducive to analysing the exposure of resist materials. To this end the
ion model was developed to be an analogue of the electron beam model to allow the
seamless change between ions and electrons when tracking primary ions and the SEs that
they generate.

4.1.1 Total Scattering Cross Section

Firstly, as with the electron model, the scattering cross section must be considered. The
following are from Meuller’s method of deriving the total scattering cross sections of ions
in a material [2][3]. This total scattering cross sections is derived from the differential
“Lindhard, Nielsen and Scharff” (LNS) cross section [4] for ions which for an ion with
energy E, charge Z1 and mass A: interacting with a target material with charge Z» and

mass Ay, is given by the following equation,

1 ,E 3 (1
do(E,T) =§Tl’a ]/_Eft 2f<t2> daT 4.1
where,
t = BT 4.2
~ EZyE '

T is the energy that is transferred from the incident ion to the target atom. E_ is the

Lindhard unit of energy,
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e? A + A,

4.3
Az

E, =277,
where a is the screening length given by,

1
a = 0.885a,Z 3 4.4
Here ao is the Bohr radius, which is the radius of a hydrogen atom (ap = 5.29x10** m) and

Z can be found by,
3
2 2\2
Z= <Zl3 + Z§> 4.5
yE is the maximum energy that can be transferred from the ion to the target, as allowed

by kinematics and vy is given by,

44,4,

=12 4.6
(A; + 4,)?

14

The total scattering cross section can be found by integrating the differential cross section

in Equation 4.1 to give,
YE
1 E _3 1
O'(E)=—7l'a2—2J dT t Zf(t2> 4.7
2 YE;
T

The lower limit for this integral T is the minimum energy transfer allowed which
corresponds to the minimum energy needed to displace an atom in the target material.
This value is material specific but is typically of the order of ~25 eV. Winterbon et al [5]

fit f(t2) to the following function,

3

2] 2

1 1 2
f (tf) — A5 |1+ (215)3 48

where 4 = 1.309. Using a substitution of,

271 %
q* = (21)3 (tf) 4.9

The differential cross section from Equation 4.7 can be written as,
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qz
9 1 3
o(E) = Enaz(ZA)f A f dgq*(1+qgH2 4.10

q1

where the limits g1 and g2 are given by,

2
1/,E\3
q, = (24)6 (—) 411
E;
1
—(2,1)% ETL ) 412
= YE? '

Meuller derived a solution to the integral in a series form to give the final total scattering

Cross section as,
9 1
o(E) = Enaz(Z/l)Z/lW(ql, q;) 4,13

Where W(qz,02) is the solution to the integral in Equation 4.10 such that,

W(q1,q2) = P(q1) — P(qz) 4.14
where
P.(q), q<09
P(q) = 4.15
P-(q), ¢=09
with

C(O"En+ DN,

P_(q) = —1.6487831 — 416
<(a) 2l (4n — 3)
n=0
I [(4+3)...(4n+3)] (1 + 4)‘”‘%
_ .. (4n q
P.(q) = —0.10372089 + Z [ i yr 417
n=0

This series form of the integral lends itself more easily to calculating the scattering cross
section in a simulation environment.

Once a value for the scattering cross section, 6(E), has been found the mean free path of
an ion, that is, the average distance an ion travels between collisions with atoms in the

target material is calculated by the equation for mean free path,
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O
pa(E)N,

4.18
This is the same general equation as the one used to calculate the mean free path for
electrons in Chapter 2 (Equation 2.3). Here, p and Na are the density of the target material
and Avogadro’s number and when combined with the atomic weight give the number
density of the atoms in the target (atoms/cm?®). Figure 4.1. shows the calculated values for
the mean free path of ions with atomic numbers from hydrogen (Z = 1) to uranium (Z =
92) in silicon. Silicon was chosen as it is a well understood material with distinct material
properties compared to the resist materials which will be studied with this model. This
allows a more concise comparison to SRIM/TRIM later in this chapter. The mean free
path for each ion was also calculated for the ion energies 0.1, 1, 10 and 35 KeV. 35 KeV

was chosen as the highest energy as this is the highest beam energy available in

experimentation using the Zeiss Orion NanoFab (Chapter 5).

3
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lon Atomic Number, Z

Figure 4.1 A plot of mean free paths for ions from hydrogen (Z = 1) to uranium (Z =
92) in silicon. The mean free paths were calculated for ion energies of 0.1, 1, 10 and 35

KeV.

125



As expected, the mean free path for each ion decreases with energy and then increases
again as the ion energy approaches zero. This is due to the probability of interactions
between an incident atom and a target atom reducing becoming less energetically viable.
Also shown is the general trend of the decrease in the mean free path as the atomic number
increases. This is caused by the larger stopping powers of the heavier ions limiting how
far they can travel before they deplete their energy.

4.1.2 lon Stopping Power

The stopping power for an ion travelling through a material is comprised of two main
components, the electronic and the nuclear stopping power. The nuclear stopping power
is the energy lost when the ion collides and scatters off the nucleus of atoms in the target

material. From Zeigler et al [1] the nuclear stopping power is given by,

dE 8.4627Z,7,4,
_E — Sn l
2 2\2
(Zl3 + ZZ3> (A, + 4,)

10715 eVem™1t 419

where,

In(1 + 1.1383¢)

S, (&) = < 30 4.20
n(&) = o 001321697125 1 0.1950305]  ©

In(e)
Sple) = e £>30 4.21
Here ¢ is the reduced energy given by,
32.534,E
&= n 4.22
2

2 2
<213 + Z§> (A1 + Ay)
As before, this is for an inbound ion with a charge Z; and a mass Az interacts with a target

material with a charge of Z> and a mass of A,. For a molecular material Z, can be

considered to be the effective Z of a material is the weighted atomic number of a molecule
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given by Equation 2.33 in Chapter 2. For the ion model the atomic weight of the molecule
is treated in this way.

The electronic stopping power is the energy lost by an electron as it cascades
through the material between collisions with atoms. This energy is lost through
interaction with orbital electrons of atoms in the material. Theses interactions are much
less energy expensive that the ion-target collisions due to the large mass and energy
compared to orbital electrons. The electronic stopping power is given by,

dE
——=383x10715—1 =
ds ) )

<Zl3 + ZZ3>

where the values have their previous definitions and N is the number denstiy of the atoms

2
=N (—) eVem™1 4.23
2

in the target material [6].

The nuclear and electronic stopping powers and their combined total stopping
power were calculated for He, Ne and Au in Si and are shown in Figures 4.2-4
respectively. These ions were simulated with an energies ranging from 0 to 35 KeV. The
choice of these atoms is again based on those available for experimentation (Chapter 5).

The combined stopping powers for all three atoms increase with energy however
the behaviour of the nuclear and the electronic stopping power vary. For the He ions
(Figure 4.2) the electronic stopping power dominates at most energies only being
overtaken by the nuclear stopping power below 3 KeV. This is significant as it means
that for He ions most of their energy will be lost through the generation of secondary
electrons in the target as opposed to the collision with atoms. This gives He ions good

penetration in most materials.
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Figure 4.2 A plot of the electronic, nuclear and total stopping power versus ion energy
for He ions in Si.
For Ne (Figure 4.3) at higher energies the two stopping powers appear to converge and
are of a similar magnitude however as the energy decreases the nuclear stopping
increases and the electronic stopping decreases. This is due to the similar atomic

properties (Z, A) of Si and Ne.
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Figure 4.3 A plot of the electronic, nuclear and total stopping power versus ion energy

for Ne ions in Si.
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Figure 4.4 shows that the nuclear stopping power of Au dominates at all energies with the
electronic stopping power having only a small contribution to the overall stopping power
of the ion. This corresponds with the small mean free path (Figure 4.1) meaning the range

of Au ions will be significantly smaller than that of He and Ne.
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Figure 4.4 A plot of the electronic, nuclear and total stopping power versus ion energy
for Au ions in Si.

To qualify the model, it was compared to data for the stopping powers of ions
from hydrogen (Z = 1) to uranium (Z = 92) in Si at an energy of 35 KeV calculated using
SRIM. This comparison is shown in Figure 4.5 and demonstrates a good agreement
between the stopping powers calculated in EXCALIBUR and SRIM. The nuclear
stopping power is a very good match but diverges for heavier ions. This divergence has a
maximum of 10% for uranium but the average is only 3.5% which is acceptable. SRIM
calculates the electronic stopping power for ions on an ion-by-ion basis considering the
electronic potentials specific to each ion. The stopping power that EXCALIBUR uses is

a much simpler method and matches the general trend of the data from SRIM.
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Figure 4.5 A comparison of the electronic and nuclear stopping power for ions from

hydrogen (Z = 1) to uranium (Z = 92) calculated using SRIM and EXCALIBUR.

4.1.3 lon Scattering Angles

Once an ion travelling through the resist has been determined to have collided with a
nucleus of an atom in the target material the angle of deflection after the collision must
be attained. The scattering angle for the incident ion is found using the ‘Magic Formula’
derived by Biersack [7] the geometries of which are shown in the scattering triangle in
Figure 4.6. A scattering interaction between an ion M1 and target atom M in the centre
of mass frame. p, and p, are the radius of curvature of the scattered particles, ry is the
length of closest approach, P is the impact parameter and, §; and &, are a correction

factor. This leads to the following equation,
COSz=—— 4.24

with p = p; + p, and § = §; + 6,. The minimum approach distance, r,, is found using

the following equation and can be found analytically using Newton’s method.

1% P\?
A (—) =0 4.25
Ec To
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Here the energy is expressed as, Ec, which is the energy in the centre of mass system

given by,

Ec=—— 426

where A1 and A are the mass of the ion and target atom respectively. The radius of

curvature, p, can be found using the following equation.

_ 2(Ec — V(1)

4.27
V' (o)

2
As before, it is convenient to express the energy in units of % This leads to the

dimensionless reduced energy, &, given by,

aE.

=t 428
¢ = 7. 7,e?

—_— —

v

Figure 4.6 4 diagram of the geometries used to determine the scattering angle 6 of an

ion Mz colliding with a target atom M in the centre of mass frame. P is the impact
parameter, ro is the minimum approach distance, p are the radii of curvature for the
scattered particles.
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The universal screening length, a, is given by,

0.8853q,
a=772 2
<Zl3+Z§>

where ao=0.529A is the Bohr radius. Expressing the lengths in Figure 4.6 in units of the

4.29

screening length means Equation 4.24 can be written as,

6 B+Rc+A 430
52T TR, + R, '

where,

)

a

To calculate P, the impact parameter between the target and the incident ion two cases
based on the energy of the system must be considered. For high energy interactions where
€>10, the travel length of the ion, L, can be calculated from an equation based on the

nuclear stopping power to given by,

2

Ay
~ 0.02 (1 + A—2> &2 4+ 0.052s1:32

L= 4.32
41N a? Inl+e¢

where N is the number density of the target. Using this value of L, the impact parameter

P can be found using the expression,

1

= [l
1T \aNe '
where Ry is a random number between 0 and 1. For the low energy case, where €<10, it

is assumed that the minimum travel distance is on the order of the interatomic spacing

between target atoms, L~N*3, in this case the impact parameter is found using,
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The fitting parameter A, from Equation 4.30 is a factor that is a correction for the low
energy case where scattering is no longer adequately described by the coulomb
interatomic potential and is given by the following equation,

R,—B

A=X 4.35
1+Y
Where X and Y are given by,
1 -1
X=2aeBB, Y=y [(1 +X%)2 — X] 4.36
1

_1 CZ + €2 C4, +e€
a=1+Cie 2, B = > )/=C+ 4.37

C;+e2 5T €

And Cq5 are fitting parameters based on the universal interatomic potential derived by
Zeigler et al [1] and are shown in the Table 4.1. For the high energy case where £>10 the
scattering angle is instead found by the following equation,

sin? (9) _ 4.38
in?(=) = -
2 1+ 2¢eB?

Table 4.1. A table for the fitting parameters calculated for the universal interatomic

potential
c, 099229
C, 0.011615
C; 0.007122
Cy 9.3066
Cs 14813

Scattering angles for hydrogen (Z = 1) to uranium (Z = 92) with energies of 0.1, 1, 10 and
35 KeV are plotted in Figure 4.7. The scattering angles follow the expected behaviour

that heavier ions lead to an increase in scattering angle.
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Figure 4.7 A plot of the scattering angles for ions from H(1) to U(92) in silicon. The
angles were calculated for incident energies of 0.1, 1, 10 & 35 KeV.
This correlates to the increase in nuclear stopping power at with heavier ions which means
that collisions with the target are more energetic and therefore to conserve momentum
there scattering angle must be larger. A decrease in energy also leads to an increase in
scattering angle. This behaviour is again consistent with the conservation of momentum.

4.1.4 Secondary Electron Yield

As an ion passes through a material, secondary electrons (SEs) will be generated. Once
generated, these can be handled using the electron model (Chapter 2). The yield of SEs,
dse 1S given by,

Ocp = 1dE 4.39
SET edx '

Where dE/dx is the electronic stopping power and € is the average energy expended in
creating an SE, € is a fitting parameter determined from experimental SE yields and it is
material and ion dependent. The data sets required for every ion from hydrogen to
uranium in every target material would be extensive and whilst there is a wealth of data
much of the necessary values to make a broad simulation is missing. To this end, a value
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of e = 30 eV was chosen as it has been shown to provide consistent results for a range of
ions and targets [8]. This equation is used to calculate the number of electrons generated
in each step it takes in the material. It is assumed that the electrons are distributed
randomly along the ions path.

An assumption was made that due to the high momentum of the incident ions they
undergo negligible deviations in angle and hence no deviations between the main nuclei
collisions. Thus, as the SEs are generated in between collisions, as per the electronic
stopping power, it can be assumed that they are generated perpendicularly to the direction
of propagation of the ion with a scattering angle, 6 = 90° and an azimuthal angle randomly
distributed and given by ¢ = 2nRND.

4.2 Simulation Structure

To allow seamless inclusion of the ion model into the EXCALIBUR simulation
environment, a switch was added to allow the incident particles to be changed from
electrons to ions. This simplifies the handling of primary ions and the SEs generated by
these ions using the same simulation. The inputs required for primary ions are the mass
(A) and the atomic number (Z), with the energy being defined in the beam parameters
usually used for primary electrons. Materials, resist layer matrix and patterns are defined
in the same way as the electron model (Chapter 2). A flow diagram of how ions are
tracked is shown in Figure 4.8.

Once all the ions have been tracked and the positions, energy and direction of the
SEs have been stored then the simulation is switched from ion to electron mode and then

all the SEs and their cascades are tracked.
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4.3 Results
To produce examples of the full ion tracks generated by EXCALIBUR a series of
simulations were run. The simulations were run with different incident ions which were
(@) helium, (b) neon and (c) gold. To allow comparison between the results all the
simulations were run with 100 input ions and an energy of 35 KeV. Due to the randomness
of Monte Carlo simulations an amount of statistical error is introduced into the data, to
mitigate this each simulation was run 1000 times to reduce the error to < 1%. The choice
of the ions is based on those available with current systems capable of ion beam
lithography. Helium and neon beams can be used with the Zeiss Orion NanoFab and gold
can be used with the Raith VELION. The maximum acceleration voltage of the Orion
microscope is 35 KV which gives the smallest spot size of the beam (which is 400 pm)
and will give the highest penetration possible (Figure 4.1). For these reasons this is the
beam energy used for the simulation.

The ion trajectories and the SEs generated by these ions are shown in Figure 4.9.
The scale between the trajectory plots were kept the same to show how the extent of the
ion penetration changes between the different ions. Helium has the largest penetration
depth travelling an average of ~500 nm into the silicon (Figure 4.9a). Conversely the gold
ions travel to a depth of only ~10 nm (Figure 4.9c¢) this reduction in range is a combination
of both the reduced mean free path and the increased stopping power. Also seen in the
plots in Figure 4.9 are the SEs. These are shown in range of colours dependent on the
generation that the SEs belong to with generation | being shown in red, generation Il are
blue, generation Il are green and generation IV are magenta. Due to the low energy of
these electrons (30 eV) they have do not travel very far in the silicon. Also seen is the
effect of the scattering angle on the ions with the helium ions exhibiting a much lower
beam spread compared to the neon and the gold which begin to spread laterally almost as

soon as they enter the silicon.
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Figure 4.9 3D trajectory plots for (a) He, (b) Ne and (c) Au in Si. Primary lons are
shown in black and SEs are shown in red (gen 1), blue (gen I1), green (gen I11) and
magenta (gen V). These plots were generated from EXCALIBUR for 100 incident ions
with energies of 35 KeV.

The number of SEs generated for each ion exposure in Figure 4.9 are shown in Figure
4.10. The data suggests that the general trend is that SE yield decreases for heavier ions.
This is supported by the calculated values of the stopping powers of ions shown in Figure
4.5 as the electronic stopping power is of the same magnitude for, He, Ne and Au. This
means that the number of SEs generated is therefore dependent of the distance of travel
of an ion in the target material. As the mean free path also decreases for heavier ions
(Figure 4.1) and therefore the step length also decreases, then the amount of energy lost
through electronic stopping is also reduced. Hence the SE yield decreases. This is also
paired with the effect of an increased nuclear stopping power for heavier ions which mean
that the energy of the ion will be exhausted quicker and the overall range of the ion in a

material is greatly reduced. Again, reducing the SE yield.
It is also worth noting that the unlike the SE cascade caused by an electron beam

(Chapter 2) most of the SEs are generated in the first generation of the cascade. This is
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because the low energy of the SEs that are being generated by the ions means that they
are considered by the electron model to be “slow” SEs and therefore interact through
inelastic collisions. This also means that these electrons will quickly lose what little
energy they had hence a reduced (rather that increased) number of electrons in the second
generation. Comparing He ions to electrons the total number of SEs generated is 12.6
times larger for He ions. Which again shows the sensitivity improvements that can be
gained using ions instead of electrons for lithography.
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Figure 4.10 Number of SEs generated for each generation of the SE cascade for 100
incident ions of He, Ne and Au in Silicon with energies of 35 KeV compared to 35 keV
electrons. These values are the average of 1000 runs of the same simulation to ensure

that the error in the data is <1%.
The energy that is deposited by the ions in the silicon are also tracked so that a heat map
of this energy can be generated. The heat maps for the simulations are shown in x-z profile
in Figure 4.11 and the x-y profiles are shown in Figure 4.12. The plots show that for
helium ions the energy is deposited mainly within the profile of the main beam and most
of the energy. Longitudinally, the majority of the energy is deposited before the beam

starts to diverge (Figure 4.11a). This is also seen laterally in the x-y plot (Figure 4.12a).
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The energy loss of neon is significantly different as stray ion deposits significant energy

along its trajectory. This results in a much broader lateral energy spread as seen in Figures

4.11b and 4.12b.
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Figure 4.11 X-Z heat maps of energy deposits for (a) He, (b) Ne and (c) Au ions in Si.

These plots were generated from EXCALIBUR for 100 ions with energies of 35 KeV
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Figure 4.12 X-Y heat maps of energy deposits for (a) He, (b) Ne and (c) Au ions in Si.

These plots were generated from EXCALIBUR for 100 ions with energies of 35 KeV.
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Figure 4.12 Continued

To predict the possible shape of an exposure in a resist material 3D energy histogram
were produced. The plots are shown in Figure 4.13 and are effectively the x-y plots from

Figure 4.12 which have been projected in z plane dependent on their energy. These plots

help give an insight as to the potential shape of a structure if a resist material were to

exposed with each ion. The results are slightly skewed due to the full extent of the ions

being included as if the plots were limited to a thickness similar to the penetration depth

of the gold ions then both helium and neon would have much tighter energy spreads.
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Figure 4.13 3D heat maps of energy deposits for 35 keV (a) He, (b) Ne & (c) Au ions in

Si. These plots were generated in EXCALIBUR for 100 incident ions.
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As with the electron scattering model a qualitative comparison can be made between
EXACLIBUR and SRIM by comparing ion trajectory plots to see the spatial distribution
of the ions. A simulation was run in both models using 500 ions with energies of 35 KeV
in 100 nm of silicon. The plots show good agreement between the two models which

show only the primary ion trajectories (no SEs or recoils) for clarity.
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Figure 4.14 lon trajectory plots generated using EXCALIBUR (left) and SRIM (right).
Both plots were generated using 500 35 keV ions in 100 nm of Silicon.

4.4 Summary

In Chapter 2 a Monte Carlo simulation for EBL was developed to better understand and
help develop and prototype resist materials and identify potentially viable candidates for
nano manufacturing without the need for experimentation. The efficacy of this technique
was proven in Chapter 3. As ions offer sensitivity and hence exposure time advantages
over electrons there is a growing interest from industry for IBL technologies. Therefore,
the ability to use simulation to develop resists for ion exposures is needed. To this end
the ion simulation model presented in this model was developed. Whilst there are already
well-established ion simulation simulations such as SRIM/TRIM which have been used

for many applications they had one feature missing that is essential for the exposure of
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resist materials. This feature is the generation and tracking of SEs which are known to be
the main mechanic of resist exposure. The ion model developed here has been successful
adapted from the previous EBL simulation to be able to expose resists using ions and
results have shown that the output of the model is consistent with theoretical expectations.
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S —
lon Beam Lithography (IBL) is an area of growing interest as improvements in sources
and optics have allowed beams to be produced with geometries and currents that are, in
the general sense, comparable with those used in Electron Beam Lithography (EBL). One
of the main uses of EBL is the manufacture of photomasks for high volume manufacture
(HVM) of semiconductor devices. EBL is used to pattern a resist layer on the mask which
is then replaced through metallisation and lift off. Currently EBL is the only technique
that can reliably produce the features sizes needed for the masks with the lowest number
of defects. As the critical dimensions for the next generation technology node decreases,
the complexity of the next generation photomask increases, this leads to longer
photomask production times. This is because the proximity effect plays a larger role than
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was present with the previous generation of photomask, hence, longer exposure times are
required to produce the photomask. This creates a potential bottleneck in the use of
photolithography for high volume manufacturing (HVM), where the masks become
degraded as they are used to the point where they require cleaning, repairing or complete
replacement. To keep up with the demand for photomasks, electron beam systems with
variable shaped beam (VSB)[1-3] or multiple beams[1,4], and high beam currents are
being developed. As industrial photolithography makes the switch from 193 nm
lithography to EUV lithography, smaller on-mask features are required to best utilise the
13.5 nm EUV light. This means, again, an increase in the write times needed to pattern
the masks and raises a question about the ability of EBL to continue to meet the demand
for photomasks for HVM. IBL could be the replacement for EBL, as it can achieve better
resolutions with much shorter write times with comparable beam currents [5]. The
reduction in writes times is due to the nature of ions in resist materials and the increased
SE vyield compared to electrons. This was shown to be a factor of 12.6 for helium ions
compared to electrons in silicon (Chapter 4). Whilst conventional electron beam resists
[5-8] can be used with helium ion beam lithography (HIBL) new resist materials which
are optimised to exposure with ions will be needed to fully harness the capabilities of
these systems.

5.1 Supramolecular lon Beam Resists

In Chapter 3 a series of modular supramolecular resists were explored for EBL. These
resists gave high resolution and have been shown to have ultra-high dry etch selectivity
with respect to silicon dry etching, however this came at price. The resist materials
required high exposure doses with even the most sensitive resists needing doses that
would make write times too long for high throughput device fabrication. This is combined
with the inherent increased exposure times from direct write methods compared to mask

projection methods used in commercial photolithography. However, due to the nature of

145



the interactions of an ion beam in resist materials (Chapter 4) compared to electron beams,
the dose for these resists is expected to be reduced.

The nature of these materials and their high etch resistance is also a desirable
property for IBL, where resistance to sputtering is necessary to avoid damage to the
structures during the fabrication process where many organic resists would be damaged
and eroded during exposure.

5.2 Experimental Methodology

Experimentally, the sample preparation for IBL is the same as that EBL therefore sample
preparation and spin coating will not be covered here but can be read in Chapter 3.1. For
the ion beam exposures in this chapter a Zeiss Orion NanoFab was used [9]. This system
is primarily a helium ion microscope (HIM) with a secondary column for gallium FIB.
The helium ion beam is generated using a gas field ion source (GFIS, Chapter 1.2.3) and
a Raith ELPHY MultiBeam pattern generator is used to raster the beam for exposing the
resist.

5.3 Results

The suitability of the modular supramolecular resists for IBL was investigated. To best
test the resists, ideally, a range of ions should be used on a range of materials but due to
limitations around access to this equipment only one material has been tested. This
material was resist A (Chapter 3.3.1) which was chosen due to it being the most tested
supramolecular resist and it had well defined process parameters. This helps to interpret
the results and remove any ambiguity that could come from the processing of the resist
material.

5.3.1 Simulation

To understand how resist A would respond to exposure by helium ions it can be simulated
and compared to results of an EBL simulation for which the exposure parameters are also

known (Chapter 3). Figure 5.1 shows electron trajectory plots for 50 nm of resist A on 50
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nm of silicon substrate, exposed with 30 kV electrons and 35 kV helium ions. It is clear

that the SE yield and energy deposited by the He ions is far greater than the electrons.
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Figure 5.1 (a&c) profile 35 kV He ion (a) and 30 kV electron (c) trajectory plots for 50
nm of resist A on 50 nm of silicon exposed with a dose of 1000 pC/cm. This equates to
2,500 primary ions/electrons. The primary trajectories a grey scale and the colours of
SEs are as follows gen I: red, gen Il: blue, gen Il1: green & gen 1V: magenta. Plotted

using MATLAB. (b&d) Energy deposit plots of the ion and electrons trajectory plots. All

simulations run using EXCALIBUR.

Due to the low density and high molecular weight of resist A, the mean free path for the

low energy SEs generated is much larger than for the silicon, this effect is very apparent

in Figure 5.1.a&c. The number of SEs generated in resist A in the trajectory plots is
shown in Figure 5.2. The number of SEs generated for the electron plot is 858 and for the

He ion plot this value is 827 times larger at 710,091. This is a dramatic increase which
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suggests that the dose for exposures of resist A could be as low as 27 pC/cm compared to
the electron beam dose of 22,000 pC/cm at 100 nm pitch. The SE cascades have been
depleted by the 4" generation either by the electrons being backscattered out of the top
of the resist or passing into the substrate or by the electrons terminating, having dropped
below the energy threshold of the model which is defined as the C-C bond energy of

3.6eV.
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Figure 5.2 A plot of the number of SEs generated per generation for 35 kV He ions and
30 kV electrons in 50 nm of resist A on a 50 nm Si substrate. Also shown are the
average energies of each generation. All values are extracted from EXCALIBUR

simulations where a single spot was exposed with a dose of 1000 pC/cm which
corresponds to 2500 initial primaries. These values are the average for 1000 repeats.

5.3.2 Helium lon Beam L.ithography

A solution of resist A was prepared in hexane (30 mg A in 3 g hexane) and then spun
onto silicon wafers at a spin speed of 6000 rpm, this rendered films with a thickness of 4
nm as measured after exposure. The samples were then exposed with a series of lines of
varying doses and pitches to explore the relationship between pitch and dose. These
exposures were carried out using the Zeiss Orion Nano Fab HIM with a beam acceleration

voltage of 35 kV and a beam current of 0.5 pA and a spot size of 400 pm. This acceleration
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voltage, which is the maximum voltage of the system ensured the ions could fully
penetrate the resist material. Once the resist was exposed it was developed using hexane
and then loaded back into the HIM to be imaged. Figure 5.3 shows the resolved structures
after development with pitches of 22 nm down to 16 nm. This result shows an excellent

lithographic performance far outperforming the comparative results from EBL exposures.
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Figure 5.3 An HIM micrograph of patterned line spaces structures in Resist A on a

silicon substrate, with resolved pitches of 22-16 nm (a-d). Also shown inlaid in each

subplot is the line width (w), the standard deviation of the line width (¢) and the line
edge roughness (LER) [5]. These values were measured and calculated using GenlSys

ProSEM software [10].
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The highest resolution achieved was 16 nm lines with a line width of 5.5 nm using a dose
of 22pC/cm. When compared to the EBL results for resist A it is apparent that the use of
ions has greatly reduced the required exposure dose by 3 orders of magnitude, from
20,000-30,000 pC/cm down to 22 pC/cm all the while decreasing the pitch and
maintaining a sub 10 nm feature size. The structures show good resilience to damage from
helium ions which were used, for both imaging and patterning. Also, the short exposure
times are below those required for helium ions to begin implanting, which can cause
dislocations in the silicon substrate which would be undesirable for semiconductor device
manufacturing [11]. The dose needed to expose these structures is very similar to that
predicted by the model where a value of 27 pC/cm was predicted showing that He ions
showing good agreement with the model. However, the SEs themselves might not be the
main mechanism of exposure as even though the first wave of SEs is generated with the
primary ion beam the second generation is generated over a radius of 40 nm from the
centre of the ion beam which is not reflected in the resolution of the structures.

The experiment parameters used to pattern the structures seen in figure 5.3 were
used to run a helium ion simulation in EXCALIBUR. In the simulation a dose of 22
pC/cm and a step size of 1 nm corresponds to a dose of 14 He ions per spot. The exposure
pattern consisted of 16 nm pitch lines with every point being exposed in sequence to
generate a 3D plot of the primary ion and secondary electron trajectories. Figure 5.4 show
comparisons of the 3D trajectory plot generated by EXCALIBUR and tilted HIM images
of the HIBL structures in Resist A.

In Figure 5.4.a the primary ion tracks can be seen in grayscale and show the
exposure pattern. The SEs generated from these interactions, as well as any subsequent
generations of SEs from the resulting cascade, are shown with each generation bearing a
different colour. First generation secondary electrons are shown in red, 2" generation in

blue, 3 in green and 4™ in magenta.
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Figure 5.4 (a) 3D simulated tracks of Incident lons (Black) and subsequent generations
of secondary electrons (I:Red, I1:Blue, I11:Green and 1V: Magenta) generated using
EXCALIBUR. (b) Helium ion micrograph of 16 nm pitch helium ion beam lithography
(HIBL) structures in resist A on a silicon substrate.

To allow for better visualisation of the exposure of the resists the primary ions can be
removed from the render and then the remaining SE tracks are superimposed over the

images of the HIM micrographs seen in Figure 5.5.

Figure 5.5 A composite image showing the simulated ion trajectory plot shown in
Figure 5.4.a superimposed over the HIM micrograph Figure 5.4b. Both the simulation
and the micrograph show the exposure of Resist A (Chapter 3) on an Si substrate by 35

kV helium ions.
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This puts the proximity exposure of the SEs into context and shows how these cascades
can lead to LER and bridging between structures. However, these structures do not show
high LER (2.8 nm) and very low pitches have been achieved that would not be possible
according to the spread of the SEs

To investigate how the energy is deposited across the whole pattern a plot of the
spatial distribution of the energy in the XY plane was made and is shown in Figure 5.6,
the Z axis has a value defined by the energy of the XY box (1 x 1 nm) to give a volumetric
representation of the energy deposit. It is evident that nearly all the energy transferred to
the resist is deposited within the footprint of the primary exposure beam which is in
agreement with the hypothesis that the primary ions and the creation of the first generation

of SEs are responsible for the exposure of the resist.
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Figure 5.6 Energy deposit plot for He ions in 4 nm of resist A on a Si substrate showing
where energy is deposited in the x-y plane during HIBL exposure. The 16 nm pitch
pattern was exposed with a dose of 22 pC/cm and has the same geometries as those

used in Figure 5.4

5.3.3 Beyond Helium lons

To fully understand the extent of applications for which the supramolecular resists could
be used, it will be necessary to expose the chromium ring resist with a range of ion
sources. The types of ion sources that could be utilised for lithography vary but some

examples of those with the necessary beam parameters for high resolution lithography are
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the helium and neon ion beams generated by the Zeiss Orion NanoFab and the Au ions
from the Raith VELION.

It is understood that heavier ions have increased stopping power and therefore
higher secondary electron yields. This could mean that by moving up the periodic table
away from He could mean even lower doses than those observed for HIBL, there is

however a trade-off with penetration depth.
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Figure 5.7 (a) Electronic, nuclear and total stopping powers for ions form hydrogen to
uranium with an energy of 35 keV in Resist A and (b) a comparison of the electronic
stopping powers for He, Ne and Au for a range of energies from 1 eV to 35 KeV in
Resist A. All data calculated using EXCALIBUR.

Figure 5.7.a shows how both the nuclear and electronic stopping powers change as the
atomic number increases. As discussed in Chapter 4 for He the electronic stopping power
dominates and so the nuclear stopping power can be somewhat neglected for lithography
simulations. As the secondary electron yield is directly proportional to the electronic
stopping power then Figure 5.7.b would suggest that Ne would be a better candidate than
Au for higher sensitivity lithography. However, for Au the nuclear stopping power is no

longer insignificant, and this means that it can no longer be ignored.
The nuclear stopping power encompasses interatomic effects between the incident

ion and the atoms of the molecules in the resist, the most important of which, for this
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study, is the generation of secondary ions. These secondary ions will themselves generate
secondary electrons as they travel through the resist and if they have sufficient energy,
they could generate further secondary ions. The overall effect of this is that Au will have
a much greater SE yield than at first suggested.

5.4 Qutlook

As seen in EBL the sensitivity of resist to exposure can be increased to give faster write
speeds and hence increased manufacturing throughput. However, this comes at a cost, as
the proximity effect from the increase in secondary electrons could lower the maximum
resolution of the lithography and hence the minimum feature size that could be fabricated
on a photomask. This is not a concern for IBL as the increase in secondary electron yield
means that resist sensitivity does not have to pushed to it limits. Also, the exposure dose
can theoretically be reduced by using a heavier ion that than helium, but this will lead to
potentially decreased resolution due to the reduction of range in the ions and their lateral
in the resist. However, current results for EUV which display the smallest features sizes
show 14 nm structures with a pitch of 24 nm for a single patterning process [12]. This
means that any feature on the mask will be larger than this. Therefore, the loss of
maximum resolution may not outweigh the increase in mask throughput especially as
industry looks to toward double patterning to reach smaller feature sizes.

Looking forward, IBL is an important area for nanotechnology and may one day
even replace EBL for the manufacture of photomasks if the results shown here and by
others continue to be replicated and improved upon. As this technology is proven to be a
reliable technique and systems such as the Zeiss Orion and Raith VELION FIB-SEM
become more widely available to research applications then the demand for suitable
materials will also increase. However, source stability is still an issue for GFIS’s with
stable currents only being achievable for a few hours before the tip must be reconditioned.

This would be undesirable for mask manufacture. Nevertheless, the use of heavier ions
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generated using LMAIS’s such as that of the Raith VELION may provide this stability,

with Raith reporting 1% current fluctuation per 4 hours [13].

5.5 Summary

The experimental results presented here show that the modular resist platform of
supramolecular resists developed earlier in this thesis have yielded promising results for
HIBL, having fabricated structures 5.5 nm lines with a 16 nm pitch the current best result
for EBL of 60 nm pitch (at 30 kV) using the same material. This improvement was
attained whilst also giving a reduction in dose by 3 orders of magnitude from 22,000 -
28,000 pC/cm (100 — 50 nm pitch) down to 22 pC/cm (16 nm pitch). The same resist
design philosophy used to vastly improve the EBL resists (Chapter 3) could be applied to
HIBL which may realise ion beam resists with high write speeds and etch selectivity,
whilst maintaining the pitch and feature size shown here. This provides evidence that IBL
could be a successor to EBL as the main process of the manufacture of photomasks.
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B e
6.1 Introduction

As the semiconductor has progressed to keep the pace set by Moore’s law for silicon-
based ICs there has always been research across the wider field of nanotechnology to find
the next step for IC fabrication and architecture. Whilst there are endeavours to extend
the development road map for Silicon based technologies this progress is becoming
slower and more expensive with every step. Consequently, the key areas of research have
been shifting to developing new materials to succeed silicon as the favoured substrate or
new device architectures which can make use of emerging fabrication technologies to
achieve new concepts that were previously unattainable. This chapter will focus on one
of these emerging fabrication technologies that could potentially allow the manufacture

of 3D ICs. Whilst some may currently consider current microprocessors to employ 3D
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architectures [1], these are just interconnected layers of 2D devices stacked to make a 3D
structure, here is presented a novel process that can make truly 3D structures using
conventional EBL processes.

6.2 State of the Art

Whilst manufacturing devices using 3D lithographic methods is not a new idea, the advent
and growing popularity of conventional 3D printing [2] has again drawn the focus of
research toward development of 3D nanofabrication techniques.

A method of nanofabrication that is used for producing 3D structures is two
photon polymerization (TPP). TPP uses the two photon absorption phenomena to expose
and hence polymerize resist materials to fabricate structures. Two photon absorption
occurs when an atom is energised by simultaneously absorbing two photons as seen in
Figure 6.1. The energising of these atoms breaks bonds in the resist creating free radicals

which lead to cross linking of the polymer chains of the resist rendering the exposed voxel

insoluble. [3]
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AT % Excited State
w —
2w| = =%— = Virtual State ( Voxel
w

Ground State

Figure 6.1 The left diagram is a simple schematic of Two Photon Absorption (TPA)
showing the energy levels involved in a two-photon interaction. The right diagram is a
comparison of the cone exposure for two photon compared to a single photon exposure.

Marked in green is the exposure area or voxel that will remain after development.
To initiate the two-photon effect a mono chromatic laser is fired into the resist material,
the focal point of the beam is the point at which the probability of TPP occurring is
highest, generating a point of exposed resist or voxel suspended in the resist. This effect
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is shown in Figure 6.1 in contrast to conventional direct write laser lithography. A series
of points are then connected to form a structure. As with any other method of the
lithography the remaining unexposed resist is removed in development realising the
structures. Two photon lithography is a diffraction limited process limiting the smallest
feature sizes to approximately 100 nm [4][5]. Whilst this is suitable for many lithographic
applications it limits its use as a true nano fabrication technique and as a candidate for
next generation manufacturing. Some progress has been made in reducing the minimum
feature size down to features as small as 15 nm but these features were not discrete and
were instead polymerized bridges between adjacent structures effectively harnessing the
proximity effect [6]. Once a structure has been produced using TPP it can be metalized
to make the structure conductive or to give it mechanical rigidity. The metallisation of
these structures is similar to the lift off process where a metal is thermally evaporated so
that it coats the structure and then the underlying resist is removed either through
dissolving or etching. [7]

Despite the demonstrated success of TPP there has been a shift towards Focused
Electron Beam Induced Processing (FEBIP) to produce 3D nanostructures and devices.
FEBIP is an encompassing term used to describe a range of nano fabrication techniques
that, like lithography, rely on the use of electron or ion beams to dissociate precursor
chemicals to generate structures on a substrate. The most relevant technique as a
comparison to the work presented here is Focused Electron Beam Induced Deposition
(FEBID). This technique is an additive process where a gas of a precursor material is
flowed over a substrate, so the molecules adsorb onto the surface. An electron beam is
then used to expose the substrate, dissociating the molecules in the gas, so they are
deposited on the material and will not desorb from the surface. By repeatedly exposing a
pattern, layers are built up to fabricate a structure. This process is highly dependent on

the material properties of the precursor, such as its propensity for adsorption and its
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volatility which will affect both the growth rate of the layers and the time before
desorption. As this is an additive process FEBID can be thought of as an analogue of
conventional 3D printing for nanofabrication. By using metal carbonyl precursor
materials, it is possible to use FEBIP to produce metal nanostructures. This eliminates the
need for lithography, metallisation and lift off.

The 3D nano structures that can be created using this technique can take on a high
complexity [8] and as the resolution of the process is dependent on the diameter of the
electron beam used [9] then the minimum feature size is theoretically comparable to EBL
[10]. Practically, this is often not the case. This is due to the volatility of the precursor
and the proximity exposure from the secondary electrons generated in the dissociation
process and backscattered from the substrate.

The nature of FEBID precursor materials means that attaining metal structures
with a high purity needs a series of steps to remove the undesired carbon, oxygen and
other organic molecules remaining as by products after exposure. Regardless, high purity
metal structures (Pt=100% Au>90%) have been achieved by heating the substrate to
promote desorption and using a parallel reactive gas injection. Purity can also be
improved by irradiating the structures post fabrication with electrons or high-powered
lasers. The combination of these techniques into one process has led to the development
of the so named “Cleanroom in an SEM” which as a concept aims to complete full device
fabrication and analysis in one chamber [11].

FEBID is adirect write process, so it has the same downsides as EBL as a potential
mass manufacturing process due to the long write times vastly reducing throughput
compared to conventional methods. However, similarly to EBL, lons are starting to be
explored as exposure sources for focused ion beam induced deposition (FIBID) [12]. The
use of lons greatly increases the efficiency of dissociation of precursors hence reducing

the exposure time whilst increasing the resolution. [13]
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FEBID and TPP are both capable of producing 3D metal structures which are an essential
feature of semiconductor devices however, to truly harness this technology it must be
possible to manufacture structures using semiconductor materials. This would allow
geometries of semiconductor devices that are not currently possible and reduce the
number of manufacturing steps needed to produce current devices.

6.3 Depositing Resists via Thermal Deposition

The first step toward directly patterning a semiconductor material is being able to directly
pattern a resist material that either has inherent semiconductor properties or a material
that can be processed to become semiconducting after fabrication. In a similar way to
FEBID these resist materials need to be used under vacuum conditions, hence they require
a unique characteristic. This characteristic is that when heated sufficiently the resist
materials can be sublimed. The thermal sublimation of these resists means they can be
deposited on a substrate without the need for spin coating and can be “developed” after
exposure through resublimation of the unexposed material, removing the need for
solvents. Therefore, this process can be done completely within a vacuum allowing the
layers that need to be built up for the 3D patterning to be deposited in the patterning
environment.

One such suitable resist material for deposition via sublimation is zinc acetate
dihydrate. The viability of this material to be used as an electron beam resist is published
ina 2021 paper in ACS Applied Nano Materials [14]. This material can be sublimed when
heated in a vacuum to allow it to be deposited on a resist. Figure 6.2 shows the chemical
reactions as the material changes into its form that is deposited during evaporation.
Firstly, the water that held interstitially in the molecule is evaporated out of the bulk
material through gentle heating in a vacuum, then the remaining zinc acetate will then
react to form the basic zinc acetate molecule ZnsO(O.CCHs)s as well as acetone and

carbon dioxide both of which will diffuse out of the resist. It is this molecule that is then
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evaporated and deposited onto the substrate. It was hypothesised that the basic zinc
acetate could then be converted into ZnO which is an n-type wide a band gap II-VI
semiconductor. This conversion was hypothesised to be carried out through annealing of

the resist by the electron beam during exposure.
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Zn(CH3COO)2 ' ZHzo(S) = Zn(CH3COO)2(S) + 2H20(g)
47n(CH;C00),(s) = Zn,0(CH;C00)4(s) + CH;COCH;(g) + CO,(g)

Figure 6.2 Molecular diagrams of the conversion that zinc acetate dihydrate undergoes
when heated in a vacuum and converted into basic zinc acetate which can then be
evaporated. The two chemical reactions responsible for the conversion of zinc acetate
dihydrate to basic zinc acetate are shown beneath the diagrams.

6.4 Experimental Methodology

The process for the thermal evaporations of the zinc oxide is as follows. The evaporation
of the samples was initially carried out using an Edwards thermal evaporator. To
evaporate the samples, the micro-crystalline powders were loaded into a molybdenum
foil boat, placed in the evaporator, and then pumped to a vacuum pressure of 8x10° mbar.
The zinc acetate dihydrate starting material will dehydrate as the pressure decreases,
hindering the pumping of the chamber. Therefore, the sample can be gently heated to
promote dehydration with care being taken not to strain the vacuum system. Once the
starting pressure is reached the boat can be heated slowly until evaporation is detected by
the Thin Film Thickness Monitor (TFTM) which is a FTM6. The film is then deposited,

controlling the temperature to maintain a deposition rate of 1 nm/s. This rate was found
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to give the most even films, whereas if the evaporation rate goes beyond this some larger
particles will be caught in the evaporation stream and deposited on the substrate thus
decreasing the film quality. Once the required thickness is achieved the heating of the
material can be stopped, the boat allowed to cool, and the chamber evacuated.

The process by which the 3D structures are fabricated is that a layer will be
deposited and patterned, then the next layer is deposited and patterned. This process is
repeated until the required structure pattern is exposed. The full matrix of layers can then
be developed all at once leaving the 3D structure. To maintain alignment of the
subsequent patterns in each layer, aluminium alignment marks were used. These marks
were fabricated on the substrate using a standard lithography metallisation and lift-off

process with PMMA [15].

Fabricate metal (Al) alignment marks
using lift off.

Deposit resist through sublimation.

Align pattern using markers and expose
the resist layer.

Repeat step 2 and 3 until the full
structure of layers is completed.

Develop structures either through
resublimation or submerging in
developing solvent.

Figure 6.3 Process flow and schematics of the resist sublimation and exposure for a 3D

nanostructure.
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6.5 Results

6.5.1 Depositing and Nano-patterning Semiconductor Materials

Using thermal sublimation, a 74 nm layer of zinc acetate was deposited on a silicon wafer
and then exposed using EBL. The pattern was exposed with an acceleration voltage of 30
kV and a beam current of 37 pA and a step size of 2 nm. The structures were then
developed by being submerged in methanol for 10 s. Figure 6.4 shows the resolved
structures after development. These structures were realised using an exposure dose of
25,000 pC/cm. As can be seen from Figure 6.4 12 nm lines with a pitch of 40 nm were

achieved showing the resists ability to produce high resolution nanostructures.

Figure 6.4 12 nm lines with a 40 nm pitch in basic zinc acetate resist deposited through
sublimation. The structures were patterned with a dose of 25,000 pC/cm at 30 kV [14].

The aforementioned hypothesis was that the basic zinc acetate of the resist would be
converted to ZnO through exposure from electron beam. To confirm this change XPS
analysis was carried out on a sublimed sample of basic zinc acetate that was then exposed
in situ and the XPS spectra was recorded both before and after exposure. Figure 6.5a
show the spectral data for the Zn 2p peaks before and after exposure. These peaks have

shifted to lower binding energies after exposure, suggesting a shift to more metallic zinc
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compounds. The Zn 2ps;> peak shifted from 1022.1 eV to 1021.7 eV. This is consistent
with Zinc Acetate’s higher binding energy compared to ZnO [16]. The O 1s spectra
(Figure 6.5b) is also shown before and after exposure. Before exposure the peak is
dominated by the carboxylate group (acetate) at 532 eV with the ZnO component of the
peak appearing as a small shoulder at 530.4 eV. After exposure, the peak from the
carboxylate group was reduced by a factor of 2.7. Conversely, the ZnO peak increased by
a factor of 1.7. These changes, of the O 1s peaks and the metallic shift of the Zn 2p, lend
plausibility to the hypothesis that when exposed with the electron beam the Zinc Acetate

is decomposing and being converted to ZnO as when it is thermally annealed [16, 17].
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Figure 6.5 (a) XPS spectra of Zn 2p peaks for basic zinc acetate before and after
exposure by electron beam. (b) Spectra of the O 1s peak for basic zinc acetate before

and after exposure.

6.5.2 Building 3D Nanostructures Using Supramolecular Resists

As explained in 3.2 the composition of the chromium ring family of resist is, in its most
basic form, a ring of 8 chromium atoms connected with fluorine and surrounded by
pivalate ligands (Resist A). The pivalate ligands that surround these rings allows them to
be sublimed when heated. The stability of these rings when heated has been explored

using thermogravimetric analysis (TGA) [18] and they were found to be stable when
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heated and hence they sublime before they thermally decompose. The pivalate ligands
and molecular size means the intermolecular interaction between molecules are relatively
weak hence the increased volatility necessary for sublimation [19].

Before experimentally testing the viability of 3D structures produced using resist
A, a multilayer simulation of a 1 um x 1 um alternating mesh structure was completed
using EXCALIBUR. An electron trajectory plot of the full structure can be seen in Figure
6.6. This simulation was carried out using a beam energy of 30 keV and a dose of 30,000
pC/cm which equates to 75,000 electrons per spot with a 4 nm step size. The plot shown
was produced with a reduced number of electrons to reduce the computational demand

and time.

i

10000

Figure 6.6 3D electron trajectory plot to show the expected structure of an alternating
mesh pattern in Resist A. Exposed with a beam energy of 30 keV and a dose of 75,000
electrons per spot (30,000 pC/cm).

The electron tracks for the simulation show that as expected many of the primary

electrons will pass through multiple layers of the resist and hence there is the concern that
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when a pattern higher up in the stack is exposed then all layers below will also be exposed.
To investigate this issue the profile view energy heat maps shown in Figure 6.7 were
produced. The heat maps show that in the energy deposited by the primary beam in the
first 600 nm (first layer) is an order of magnitude larger than the energy deposited in the
second layer. This suggested that it would be possible to pattern suspended structures
without effecting the layers below. This effect is clearer to see in Figure 6.7b where the
energy range has been narrowed to remove the background and show the energy gradient
of the primary beam more clearly. Obviously, there will still be some amount of exposure

caused in the underlying layers so to avoid overexposure the lower layers must be

underexposed.
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Figure 6.7 (a) a profile view, energy heat map of 75,000 30 keV primary electrons in 2
600 nm layers of Resist A (b) the same energy heatmap with a restricted energy range
to highlight the energy change of the primary beam.
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Once satisfied that the simulation had confirmed that the production of the 3D mesh
structure was possible then resist A was deposited using sublimation onto a polished
silicon wafer chip prepared in the same way as those used for spin coating in section
Chapter 3.1. The film was deposited at a rate of 1 nm/s until a thickness of 600 nm was
recorded on the TFTM. The sample was then written in using a FEI Sirion SEM with an
acceleration voltage of 30 kV, a current of 50pA and a single pixel line dose of 36,000
pC/cm. This deposition and writing process was repeated twice, with each set of lines
being perpendicular to the previous set. The whole sample was then developed using
hexane for 30 seconds. To better observe the 3D structures a set of small two-layer
structures were fabricated in the same manner as the previous experiment but with a larger
pitch between the lines in the second layer to allow them to be imaged clearly on a tilted
angle. The resolved structures are shown in Figure 6.8 revealing the “air gap” below the
lines of the second layer showing the structures are completely suspended by the first
layer. This shows the resist material is mechanically strong enough after exposure to hold
the structure over the 1 um gap between the lines of the bottom layer. However, the arched
shape of the structures suggests that the exposure between layers cannot be ignored. The
proximity exposure in the first layer means that the top layer exposure is greater closer to
these structures and hence the lines from the top layer reach deeper into the first layer.
The lines themselves were measured to have a width of 40 nm with a layer thickness of
550 nm after exposure delivering an aspect ratio of 13.8:1. It is also clear to see that by
underdosing the first layer meant that the lines were not overexposed at the crossing
points but the lines that were not crossed by the 2" layer lines collapsed due to
underexposure. This further suggests that the 2" layer lines are bracing and supporting

those in the bottom layer.
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Figure 6.8 A titled SEM micrograph of two layers of crossing lines. The tilt allows the

air gap under the top layer structures to be observed. The collapsed lines were
underdosed to prevent overexposure through cumulative exposure.
To further show the similarity between the simulation and the lithographic results the
electron trajectory plots like those shown in Figure 6.6 can be superimposed over the
SEM micrographs of the structures the result of which is shown in Figure 6.9. By doing
this it confirms the spatial exposure of the resists by the primary and the secondary
electrons matches the experimental results and also acts a useful visual aid in

understanding how the structures are formed.
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Figure 6.9 A tilted SEM micrograph of 3D structures with an overlaid image of the

electron trajectories from the simulation of the exposure of the 3D pattern in resist A.
The simulation plot was generated using EXCALIBUR.

6.6 Summary

The viability of a novel approach to 3D lithography was investigated. For this process
two resist materials were explored to understand their viability for sublimation and
subsequent exposure by electron beam. Whilst this technique is similar to FEBID, there
are some important distinctions. Firstly, the resist films are applied with thicknesses
comparable to conventional EBL processes rather than atomic layers like in FEBID. This
means that the intended pattern only needs to be applied once per layer rather than
repeatedly scanned thus reducing exposure times. Secondly, one of the major advantages
of FEBID is that it provides the direct application of metal structures removing the many
processing steps required for metallisation. However, the materials here provide
exploration of the combination of 3D lithography with traditional pattern transfer
techniques such as dry etching. Also, ZnO is a semiconductor material known for its

optical transparency with many emerging applications from transparent contacts for
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electronics such as liquid crystal displays and photovoltaic windows. The method of
applying the films through thermal deposition also allows these resist materials to be
applied to unconventional surfaces that would not be suitable for spin coating.

The next step for investigating this technology is to streamline the process to allow
films to be deposited either directly in the SEM vacuum chamber or a dedicated chamber
connected to the SEM. This would reduce the time taken in transferring the sample from
the evaporator to the SEM and the respective pumping times. Also, whilst preliminary
experiments were promising, further investigation of the ability to “develop” these resists
through heating or annealing of the structures would again be valuable for streamlining
the overall process. The characteristics of the modular resist A that allow it to be sublimed
are also shared by many of resists in the family providing a wealth of materials for this
technique. These developments would facilitate the fabrication of more complex 3D
structures with a wider variety of materials.
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CONCLUSIONS AND OUTLOOK

The first aim of this thesis was to create a simulation which could aid the development of
these new resist materials. The reasoning behind the use of a simulation in resist
development was that it allowed potential new materials to be identified without the need
to synthesise and characterise them. Thereby streamlining the process, potentially, by
several months. Unfortunately, the simulations currently available do not offer
sufficiently in-depth modelling of SE or AE cascades to fully predict the effects of the
chemical changes of the resist on the sensitivity and lithographic performance.
EXCALIBUR was developed as a simulation that combines both electron and ion models
into one environment to allow both to be used as the primary exposure source. The
inclusion of a low energy electron model allowed full modelling of SE cascades generated
by primary ions and electrons and tracking of all SEs down to energies below the lower
limit of the simulation, this being the carbon-carbon bond (3.6 eV). The upper limit of
100 keV for electrons means that the complete range of energies that could be used in a
lithographic experiment are covered by the simulation.

The ion model can calculate trajectories for wide range of primary ions including
the trajectories of any SEs generated when they interact with a resist. As it is based on the
same models as those used for SRIM it has a solid foundation for predicting ion
trajectories in materials.

However, the ion simulation currently suffers from the lack of a secondary ion

model. This is particularly evident for more heavy ions (Z>10) as most of their energy is
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lost through ion-atom interactions governed by the nuclear stopping power which
describes the energy that is passed on to displaced atoms in the resist. It is these displaced
ions that are considered to be secondary ions and they have the potential to go on to
generate more scattering events which could generate both SEs and a Sls. This lack of a
secondary ion model creates some difficulty in fully understanding the costs/benefits of
secondary ions using different ion sources for lithography beyond helium ions.

EXCALIBUR was shown to predict the sensitivity of a resist material to exposure
by both ions and electrons and hence predict the exposure dose of a resist. The accuracy
of this approach varies with the best results coming from small changes in the resist
chemistry being compared to another a baseline resist. This is because these changes do
not greatly affect the lithographic processing of the resist and hence a comparison can be
made, such as the comparison of resists B, C and D. When resist chemistry is changed
more dramatically as in the case of resists F and G, this comparison weakens as they
cannot be normalised as effectively against a baseline resist.

As a proxy to lithographic performance, the plotting of trajectories allows the
proximity effect as well as the stochastic noise that leads to LER of resist materials to be
understood. This mean that the resolution and LER could be estimated before
experimentation. This method was much less accurate than the sensitivity predication as
there isn’t currently a way to quantify these parameters from the simulation results and
so a qualitative approach had to be taken. To quantify these values the results could be
calibrated to understand exactly what level of exposure or what amount of energy would
need to be deposited into the resist to cause an area to become fully exposed. If this
calibration was also carried out with a variety of solvents the development of resists after
exposure could also be simulated. This is a vital area of lithography that is currently
completely missed by EXCALIBUR and causes a huge change in lithographic

performance as shown for resist F where the dose increased by a factor of 5.9 when the
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developing solvent was changed. However, the viability of this level of calibration is
questionable as it would require such a vast amount of experimentation which would
reduce the efficacy of developing such a model.

The second aim was to use the model to develop new supramolecular resist
materials for next generation lithography. Whilst these resists are not suitable for the
processes used for the direct manufacture of semiconductor devices which is EUVL, their
high resolution and high etch selectivity made them suitable for the manufacture of
photomasks. However, the dose required by resist A, the original resist in the family was
too high for any manufacturing and therefore a series of resists were developed with the
aim of increasing sensitivity without degrading the lithographic performance. This was
achieved by exploring chemical changes to the starting chromium ring resist (B) based
on the evaluation of the model parameters. Firstly, adding ligands to increase the atomic
number and density proved to decrease the dose by a factor of 3.2. whilst pitch remained
comparable and line width and LER increasing slightly but not beyond the gains from the
sensitivity. The second idea was to reduce the overall size of the molecule to decrease
molecular weight which led to the development of resist F. This successfully reduced the
dose by a factor of 4.5, but the reduction in quality of the lithography prevented the
viability of this resist. The final idea was to change the ring molecule from chromium to
a heavier more reactive molecule which in this case was indium. This resist G gave
exciting initial results with the greatest overall reduction in sensitivity by a factor of 7
producing 60 nm pitch lines with a dose of 1400 pC/cm. However, the inclusion of these
more sensitive atoms led to lithography problems potentially caused by the sensitivity of
the resist to light and moisture which affects the processability of the resist. The
supramolecular resist platform also proved to be suitable for HIBL, which is a growing
field of lithography which is yet to prove its viability as a manufacturing technique.

However, improvements in the dose of resist A by 3 orders of magnitude without any
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further augmentation shows the promise of this technique. Additionally, the resolution
and line width of the structures were also improved compared to the results from EBL
producing structures with a pitch of 16 nm at a dose of 22 pC/cm.

The final aim was to build on a unique characteristic of certain resist materials to
develop a new method of 3D nanolithography. This characteristic is that some resist
materials can be sublimed when heated, which means that they can be thermally deposited
onto a substrate without the need for spin coating. Whist similar to FEBID, this method
uses more conventional thick layers of resist as opposed to monolayers. This means that
patterns only need to be exposed once per layer, rather than for every monolayer,
therefore reducing write times. Also shown was the ability to use this technique to
fabricate structures using a semiconductor material which opens the door to new areas of
fabrication which could remove the need for conventional silicon pattern transfer.

Overall substantial progress has been made toward developing the supramolecular
resists for both advanced, ion and electron beam lithography. This has been shown
through not increasing the viability of supramolecular resist by developing it through a
modular resist platform but by also developing a process for investigating new resists

using simulation.

Looking forward there are developments to EXCALIBUR that can be made to
improve the accuracy of the predictions for which it is being employed. Similar to the
developer processing problem described earlier there is also the potential to further
develop the discrete model of resist materials which is currently used for tacking how the
energy is deposited in the resist during exposure. By combining this with an energy
threshold for exposure it would therefore be possible to visualise post developed
structures and calculate the required energy deposits needed to render the resist insoluble

in varying solvents. To improve the accuracy of this concept it could be possible to
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include a model of energy propagation. For example, if 1 keV is deposited in a 1 nm® box
it will not only be stored in the box but will be transferred to the surrounding atoms in
adjacent boxes via a diffusive process. If this is combined with the thermal properties of
the resist materials, one could begin to understand the impact of resist heating during
exposure and link this to thermal decomposition of materials. This is especially relevant
to the high sensitivity indium-based resist G, which is thermally unstable to the point that
it cannot be baked after spin coating.

Another option is to begin investigation into how these resists for EBL could be
used as negative tone resists for EUV. As with electron and ion beam lithography,
secondary electrons are known to be the main mechanic for the exposure of resists in
EUV exposures. This would make the simulation of EUV exposures significantly easier
than lower energy exposures which depend on photochemical reactions and diffusion of
radicals in the exposure area, which is much more specific for each resist. This would
require a new model to be built for EXCALIBUR that would allow the primary ions and
electrons to be replaced by photons. Then by using the absorption cross sections of the
atoms in the resist materials, the number of photo electrons emitted could be calculated.
As their energy would be below 92 eV they could be tracked using the already established
low energy electron model. This addition would allow the same simulation and
prototyping development process used for designing the electron beam resists to be
applied to EUV resists.

The path of development for the modular supramolecular resists could be to
investigate if the benefits of resists C and D over resist B could be repeated for resist G.
Thus, leading to an even further reduction in dose and a whole family of indium-based
resists. This speculation is purely dependent on whether the chemistry is possible.
However, if they could be synthesised then resists with possible doses of 320 - 400 pC/cm

could be developed, which would be a substantial development for this project and the

177



wider field. If this resist could also be used for ion beam lithography, then doses in the
hundreds of fC/cm could theoretically be possible. However, the practicalities of
patterning at such low doses would prove to be difficult because in order to get such a
dose would either require a very low current or a very low exposure time. A low current
would increase the effect of stochastic noise on the exposure and a low exposure time
would require a pattern generator with a very high frequency.

The next step for the 3D lithography would be to increase the number of layers in
the patterns and investigate a variety of patterns and shapes to discover the limits of the
geometries that could be possible. Also, the theory of development by resublimation
could be investigated further to try and fully contain the 3D lithographic process in one
chamber. Further to this a plasma coil could be included in the chamber so that
lithography and pattern transfer could be combined into one step. Additionally, it would
be beneficial to discover more materials that can be used in this process and to investigate
the effect of layering different materials to potentially build semiconductor and oxide

structures.
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Scott M. Lewis,* Antonio Fernandez, Guy A. DeRose, Matthew S. Hunt, George F. S. Whitehead,
Agnese Lagzda, Hayden R. Alty, Jesus Ferrando-Soria, Sarah Varey, Andreas K. Kostopoulos,
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Richard E. P. Winpenny*

Abstract: A new resist material for electron beam lithography
has been created that is based on a supramolecular assembly.
Initial studies revealed that with this supramolecular approach,
high-resolution structures can be written that show unprece-
dented selectivity when exposed to etching conditions involving
plasmas.

Supramulecular chemistry has reached a major landmark
with the award of the 2016 Nobel Prize for work on molecular
machines."! There are remarkably imaginative and potentially
transformative proposals to use supramolecular assemblies,
for example, as components of memory devices,” as molec-
ular robots to assemble small peptides,” as rotary motors
powered with light,*) or as supramolecular spin valves."” Real-
world applications of this branch of nanoscience will only
appear in the future.

The major technological advances in nanoscience to this
point have arisen from fabrication by lithography of inte-
grated circuits (ICs). The main component of an IC is a field
effect transistor (FET), and the reduction in the size of FETs
has led to a revolution in electronics over the last five decades.
The size-limiting fabrication step is lithography, which
involves writing a pattern into a resist material prior to
etching.”! Conventional resist materials are organic polymers
such as poly(methyl methacrylate) (PMMA).I" The techno-
logical roadmap in electronics®™ requires still further reduc-
tion in the size of FETs and drives massive investment in
lithographic equipment. New resists are therefore needed,
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and the materials studied include copolymers and block
copolymers, hydrogen silsesquioxane (HSQ),” fullerenes,!”!
composites,! and metal-oxide films."? There remains a huge
scope for further advances based on design, and we wondered
whether supramolecular chemistry could make a contribution
in designing resist materials. There has been very significant
work on creating patterns on surfaces by self-assembly, for
example, of hydrogen-bonded networks!"! or through coor-
dination chemistry,"¥ but these structures have not been
studied for lithography.

Herein, we report studies of a complex supramolecular
assembly as a resist. To demonstrate the potential of the new
resist for use with silicon, nanostructures that are 9 nm wide
and 330 nm high have been fabricated in one writing—etching
cycle using industrially relevant processes. Such structures
resemble the Fin-FETs presently being introduced by Intel.

To design a new resist, we have developed Monte Carlo
simulations that are based on the Joy model,'" expanding this
approach to incorporate quantum effects using the hard-
sphere model to consider the low-energy electrons
(<500eV)."l Patterns can be calculated for a putative
resist material without any assumptions concerning the
underlying chemistry of the resist. The only parameters
considered are the molecular weight of the material, the
weighted average atomic number of the elements present, and
the density of the material. Simulations show that to achieve
a high resolution, the ideal resist would have a high molecular
weight and a very low density; together, these generate a very
large molecular volume. The inclusion of elements with high
atomic numbers improves the speed with which the resist can
be written. Based on these predictions, an excellent candidate
is [Nijy(chp);,(0,CMe)(H,0)o{[NH,"Pr,][Cr;NiFs(O,C'Bu);s
(O,C-pyridine)]}s 1 (Hchp = 6-chloro-2-hydroxypyridine,
HO,C-pyridine = isonicotinic acid; Figure 1).17!

This compound involves the binding of six octametallic
{Cr;Ni} rings around a central {Nip,} ring. The internal
structures of the various rings are described in detail else-
where.l'”! Here, we are only concerned with the overall
topology. The six octametallic rings pack inefficiently around
the central ring, rather like six small plates attached at their
edges to one larger central plate. The density of 1 in
crystalline form is low (0.81 gem™) despite the molecular
weight of the supramolecule being high (16887 Da). The
exterior of 1 consists entirely of tert-butyl groups, which gives
the compound high solubility in solvents suitable for prepar-
ing films on silicon substrates.

Compound 1 was deposited on silicon by spin-coating
from tert-butyl methyl ether. X-ray photoelectron spectros-
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Figure 1. The structure of 1 in the crystal in ball-and-stick representa-
tion. Ni light blue, Cr green, F yellow, O red, N dark blue, Cl brown,
C gray. H atoms and C atoms of ‘Bu groups omitted for clarity.

copy (XPS) studies show that the films, as deposited, contain
intact molecules of 1 (Supporting Information, Table S1), and
AFM studies show that these films are smooth, with a surface
roughness < 4 nm, as deposited and after the writing step (see
the Supporting Information). The film was written using
a 30 KeV e-beam within a scanning electron microscope.
After developing the pattern using hexane for 30s, we can
write 7 nm lines that are separated by 20 nm into a 30 nm film
(Figure 2a); these match the Monte Carlo simulations
precisely (Figure 2b).

The pattern written into compound 1 has a high selectivity
for etching when compared with the silicon substrate
(Figure 3). Post-writing the material appears to be mainly
Cr,0s, as shown by XPS studies (see Table S2), but doped
with fluoride and the second metal. In Figure 3 A, we show
14 nm lines written into a 60nm thick film of 1. The
underlying silicon was then etched in a pseudo-Bosch process
that uses an inductively coupled plasma (ICP) of SF, and C,Fg
gases. This generates silicon nanostructures that are 14 nm
wide and 155 nm high; the resist could still be seen at the tip of
the silicon structures (Figure 3B). The resist layer can be
removed by wet-etching the silicon dioxide (SiO,) layer
immediately beneath the resist using buffered HF for 60 s;
this yielded silicon fins that are 155 nm high and 12 nm wide
(Figure 3C).

These etching results were so unusual!'® that they were
pursued further. First, the resist was patterned with a larger
line width of 25 nm and a pitch of 200 nm in a 60 nm thick film
(Figure 3D). The etching time was extended to 210 s, which
led to the etching undercutting the resist (Figure 3E); under-
cutting is normally an undesirable result, but here the final
structures are straight with little line edge roughness. The
remaining resist was 58 nm high and can be seen at the tip of
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Figure 2. a) The 7 nm lines written in 1 using a 30 KeV source at

a pitch of 20 nm into a 30 nm deep film. b) Monte Carlo simulation of
the performance of 1 under the same conditions. The black lines
represent the electrons for the e-beam writer, and the red lines are
secondary electrons generated from collisions with 1 during the writing
with energies > 500 eV. Purple, cyan, and green lines are further
secondary electrons with associated energies below 500 eV generated
by first-, second-, and third-order collisions, respectively. The blue lines
are back-scattered electrons.

the silicon fins (Figure 3E). This gives a resist etching rate of
0.12 nms™" while the silicon etching rate was 1.55 nms™". The
silicon was etched 130 times faster than the resist, which is
a selectivity twice as good as the best observed previously
(with aluminum oxide masks).!"””) Removal of the resist gives
silicon nanostructures with a height of 330 nm and a width of
9 nm, that is, a 36:1 aspect ratio in one writing—etching cycle
(Figure 3F).

The process generates silicon structures that are almost
three times narrower than the resist pattern written by the
e-beam (compare Figures 3D and F). To the best of our
knowledge, such behavior is unprecedented and is caused by
the huge resistance of structures written in 1 to the plasma
etching process. Most of the resist remains after etching for
210 s (Figure 3E). The resist is therefore capable of surviving
for longer etching times; in the future, we will examine the
maximum depth of etching that can be achieved. The targets
are large-area patterns etched to contain structures that are
taller than the 330 nm fins shown here.

The use of a large supramolecular assembly such as 1 for
such processes demonstrates a potentially new area to be
explored using supramolecular chemistry. Our studies of 1 are
the most complete; however, we have studied many related
compounds in this context. These include individual hetero-
metallic rings such as [NH,Pr,][Cr,NiF4(O,CR),¢] (R="'Bu

Angew. Chem. Int. Ed. 2017, 56, 67496752
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Figure 3. A) The 14 nm lines on a 200 nm pitch that were written in

1 at 30 KeV and then developed before the plasma etching process.
B) The resist after a 90 s pseudo-Bosch plasma etching process.

C) Fins with a 12 nm width after removal of the resist using buffered
hydrofluoric acid. D) The 25 nm lines written in 1 at a 200 nm pitch
before the plasma etching process. E) The resist after a 210's pseudo-
Bosch plasma etching process, which resulted in 10 nm wide struc-
tures. F) Removal of the resist, resulting in 330 nm tall pillars that are
9 nm wide.

(2) or -CH(Me)CH,CH=CH, (3))," a [7|rotaxane containing
six heterometallic rings around a central oxo-centered metal
triangle (4),””! and an 8 nm molecular nanoparticle with
24 heterometallic rings, each containing eight metal centers
around a {Pd,,} cuboctahedron (5).”!! We found that all of
them are suitable as electron beam resists, but that the larger
compounds 1, 4, and 5 are better for high-resolution
structures (Figure S3). For example, 8 nm lines are easily

Angew. Chem. Int. Ed. 2017, 56, 67496752
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written into 5. We believe that this is because the electron
beam is writing into a molecular material, and most scattering
events occur when the beam hits an individual molecule. This
event occurs far more rarely for a very large molecule than
a small molecule, and hence the scattering is lower for larger
molecules, and the resolution is concomitantly higher. We
compared 2 with 3 to examine whether simpler chemical
engineering of performance was possible. We found that the
unsaturated side chain on the carboxylate in 3 leads to a resist
that writes more quickly, but where we lose resolution.

In all cases, XPS studies show that the material is based on
Cr,0; post-writing, which gives the extreme etch selectivity.
Therefore, we can conclude that the etching performance is
due to the presence of an early d block metal in the initial
resist.

These initial studies show that we can design a material
with a combination of unique and potentially transformative
properties in an area of immediate technological relevance.
The processes applied are typical of those used in industry
with polymeric resists, and silicon structures can be produced
with an aspect ratio greater than 30:1. The key chemical
features are a low-density but high-molecular-weight material
to allow high-resolution features to be written, decomposition
in the e-beam to a hard material, in this case Cr,0s, which is
strongly resistant to the etching plasma, and solubility in the
solvents, mainly nonpolar organic solvents, used in the
semiconductor industry. Considering examples where these
key features are combined it is apparent that many metal-
losupramolecular compounds could be useful; for example,
the metal capsules made by Fujita and co-workers are hollow
and hence have a low density.”” Possibly the most unusual
feature of compounds 1-5 is actually the high solubility in
suitable solvents, and hence their processability.

Other new routes to nanometer-sized lithographed struc-
tures are being explored. An interesting comparison is with
direct laser writing of nanostructures.”*>! This alternative
approach has huge flexibility and greater speed than we can
achieve at present owing to the advantages of laser writing
compared with e-beam writing. However, the resulting
materials are organic polymers and, as with other polymeric
resist materials,"® are unlikely to demonstrate the very high
etching selectivity of 1. The array of new techniques!>!+%
being developed to pattern surfaces and nanostructures
should be regarded as complementary, and constitute possible
routes forward to make still smaller nanodevices in the
future !

Acknowledgements

We acknowledge the EPSRC (UK) for funding (EP/L018470/
1), including a studentship within the Centre for Doctoral
Training “NoWNANO” (to S.V.) and a Doctoral Prize (to
G.ES.W.). The University of Manchester also supported this
work. We gratefully acknowledge critical support and infra-
structure provided for this work by the Kavli Nanoscience
Institute at Caltech.

www.angewandte.org

182

An, dte
Interat Chemie

6751



GDCh
=

6752

Conflict of interest

There are two patents held by three authors (S.M.L., S.G.Y.,
R.E.P.W.) based on the work described in the paper.

Keywords: heterometallic compounds - lithography -
supramolecular assembly - resist materials

How to cite: Angew. Chem. Int. Ed. 2017, 56, 6749-6752
Angew. Chem. 2017, 129, 6853-6856

[1] “The Nobel Prize in Chemistry 20167, www.nobelprize.org,
Nobel Media AB, 2016.

[2] J. E. Green, J. W. Choi, A. Boukai, Y. Bunimovich, E. Johnston-
Halpern, E. Delonno, Y. Luo, B. A. Sheriff, K. Xu, Y. S. Shin, H.-
R. Tsong, J. F. Stoddart, J. R. Heath, Nature 2007, 445, 414.

[3] B. Lewandowski, G. De Bo, J.W. Ward, M. Papmeyer, S.
Kuschel, M. J. Aldegunde, P. M. E. Gramlich, D. Heckmann,
S.M. Goldup, D. M. D’Souza, A.E. Fernandes, D. A. Leigh,
Science 2013, 339, 189-193.

[4] D. Zhao, T. van Leeuwen, J. Cheng, B. L. Feringa, Nat. Chem.
2017, 9, 250.

[5] M. Urdampilleta, S. Klyatskay, J.-P. Cleuziou, M. Ruben, W.
Wernsdorfer, Nat. Mater. 2011, 10, 502.

[6] a) U. Okoroanyanwu, Chemistry and Lithography, SPIE Press,
Washington, 2011; b) C. A. Mack, Fundamental Principles of
Optical Lithography: The Science of Microfabrication, Wiley,
London, 2007.

[7] M. J. Rooks, E. Kratschmer, R. Viswanathan, J. Katine, R. E.
Fontana, Jr., S. A. MacDonald, J. Vac. Sci. Technol. B 2002, 20,
2937.

[8] International Roadmap for Semiconductors 2.0, ITRS, 2015.

[9] A.E. Grigorescu, C.W. Hagen, Nanotechnology 2009, 20,
292001.

[10] A. Frommhold, J. Manyam, R. E. Palmer, A.P. G. Robinson,
Microelectron. Eng. 2012, 98, 552.

[11] L. Merhari, K. E. Gonsalves, Y. Hu, W. He, W.-S. Huang, M.
Angelopoulos, W. H. Bruenger, C. Dzionk, M. Torkler, Micro-
electron. Eng. 2002, 63, 391.

www.angewandte.org

Communications

© 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

An

intemationaldiion’) Chermie

[12] a) Z. Huang, N. Geyer, P. Werner, J. de Boor, U. Gésele, Adv.
Mater. 2011, 23, 285; b) D. Henry, S. Walavalkar, A. Homyk, A.
Scherer, Nanotechnology 2009, 20, 255305.

[13] J. A. Theobald, N. S. Oxtoby, M. A. Phillips, N. R. Champness,
P. H. Beton, Nature 2003, 424, 1029.

[14] U. Schlickum, R. Decker, F. Klappenberg, G. Zoppellaro, S.
Klyatskaya, M. Ruben, L. Silanes, A. Arnau, K. Kern, H. Brune,
J. V. Barth, Nano Lett. 2007, 7, 3813.

[15] D. C. Joy, Monte Carlo Modeling for Electron Microscopy and
Microanalysis, Oxford University Press, New York, 1995.

[16] “SML electron beam resist: ultra-high aspect ratio nanolithog-
raphy”: S. M. Lewis, G. A. DeRose in Frontiers of Nanoscience,
Materials and Processes for Next Generation Lithography, 2016,
11,421.

[17] G.F.S. Whitehead, F. Moro, G. A. Timco, W. Wernsdorfer, S. J.
Teat, R. E. P. Winpenny, Angew. Chem. Int. Ed. 2013, 52, 9932;
Angew. Chem. 2013, 125, 10116.

[18] A. Goodyear, M. Boettcher, I. Stolberg, M. Cooke, Proc. SPIE-
Int. Soc. Opt. Eng. 2015, 9428, 94280V.

[19] E.J.L. Mclnnes, G. A. Timco, G.F.S. Whitehead, R.E.P.
Winpenny, Angew. Chem. Int. Ed. 2015, 54, 14244; Angew.
Chem. 2015, 127, 14450, and references therein.

[20] A. Fernandez, J. Ferrando-Soria, E. M. Pineda, F. Tuna, L J.
Vitorica-Yrezabal, C. Knappke, J. Ujma, C. A. Muryn, G. A.
Timco, P. E. Barran, A. Ardavan, R.E.P. Winpenny, Nat.
Commun. 2016, 7, 10240.

[21] J. Ferrando-Soria, A. Fernandez, E. M. Pineda, S. A. Varey,
R. W. Adams, 1. J. Vitorica-Yrezabal, F. Tuna, G. A. Timco, C. A.
Muryn, R. E. P. Winpenny, J. Am. Chem. Soc. 2015, 137, 7644.

[22] Y. Inokuma, M. Kawano, M. Fujita, Nat. Chem. 2011, 3, 349.

[23] M. Deubel, G. von Freymann, M. Wegener, S. Pereira, K. Busch,
C. M. Soukoulis, Nat. Mater. 2004, 3, 444.

[24] E. Blasco, M. Wegener, C. Barner-Kowollik, Adv. Mater. 2017,
29, 1604005.

Manuscript received: January 9, 2017
Revised manuscript received: March 31, 2017
Version of record online: May 15, 2017

Angew. Chem. Int. Ed. 2017, 56, 67496752

183



PROCEEDINGS OF SPIE

SPIEDigitalLibrary.org/conference-proceedings-of-spie

Using 3D Monte Carlo simulation to
develop resists for next-generation
lithography

Alty, Hayden, Lewis, Scott, Yeates, Stephen, Winpenny,
Richard E.

Hayden R. Alty, Scott M. Lewis, Stephen G. Yeates, Richard E. P. Winpenny,
"Using 3D Monte Carlo simulation to develop resists for next-generation
lithography," Proc. SPIE 10810, Photomask Technology 2018, 1081011 (3
October 2018); doi: 10.1117/12.2501813

Event: SPIE Photomask Technology + Extreme Ultraviolet Lithography, 2018,
SPIE. Monterey, California, United States

Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 14 Jul 2020 Terms of Use: https://www.spiedigitallibrary.org/terms-of-use

184



Using 3D Monte Carlo Simulation to Develop Resists for Next-
Generation Lithography

Hayden R. Alty”, Scott M. Lewis, Stephen G. Yeates, Richard E. P. Winpenny
School of Chemistry, The University of Manchester, Oxford Road, Manchester M13 9PL, United
Kingdom

ABSTRACT

This paper investigates the ability of a novel and bespoke Monte Carlo simulation to model the experimental outcome of
exposure of resist materials by electron beam. The resists are a family of organo-metallic Chromium rings
(CrsFs(02CtBu)16), which have high resolution and low LER making them ideal candidates for the fabrication of the next
generation of photomasks for EUV lithography. The model shows how the electron scattering in the resist material and
the subsequent production of secondary electrons lead to the resists high resolution. The resist family can be modified to
increase speed by up 17.3 times, by replacing the pivalate ligand with a methacrylate ligand, whilst still maintaining their
desirable properties.

Keywords: Monte Carlo, Simulation, Electron Beam Lithography, 3D visualisation, Organometallic Resist

1. INTRODUCTION

All modern consumer electrical good contain microprocessors and most simple tasks are becoming dependent on this
technology. The success of the microprocessor and the semiconductor industry is due to the constant progress of
increasing processing power and miniaturization. This progress is driven by ‘Moore’s law” which is an observation made
by Gordon Moore in 1965, that the number of integrated circuits per unit area would double every year [1]. Since
Moore’s observation the progress has slowed but has remained the benchmark and driving force for the semiconductor
industry. The miniaturization of this technology is enabled by the ability to fabricate structures on the order of
nanometres. These devices are fabricated using photolithography which uses a photomask to project a pattern onto a
resist. In order to reach smaller feature sizes these photomasks require ever increasing resolution.

Electron Beam Lithography (EBL) is used in the production of around 30% of photomasks [2] and is increasingly being
used for mask repair. This increase in demand for masks with ever smaller feature sizes drives the need for improved
EBL resists. These resists must meet the demand for smaller resolution (7nm node) and also reduce the write times for
mask production. Developing such resists is a long, experimentally expensive, process of rapid prototyping to find
suitable candidates followed by detailed characterisations to determine the resolution limits and development properties
post exposure.

Currently, the majority of masks written using EBL are produced using Variable Shaped Beam (VSB) systems which use
an acceleration voltage of 50kV, whereas other commercial lithography systems such as the Vistec EBPG5200, uses
100kV and the Raith E-line uses 30kV. This mean that a resist that can be used at all commercial acceleration voltages
and produce consistent results would be extremely beneficial.

1.1 Monte Carlo Simulation

Monte Carlo Modelling is a technique which uses pseudo random numbers as input into a probability distribution to find
the average probability of an event. Monte Carlo techniques have long been used to simulate physical models and EBL is
no exception with many already established methods of modelling electron scattering and interaction in a variety of
materials. There are also several programs that provide useful data and interpretation for example CASINO, PENELOPE
and Tracer. However, to fully understand exposure of resists by electron beam, not only do the initial (primary)
electrons, from the incident beam, need to be considered but also secondary electrons which are generated in the resist.
In many resist matrices these secondary electrons are the main mechanic for exposure. Compared to the incoming
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primary electrons they have much lower energy so scattering events, as well as inelastic collisions, are much more likely
and it is these events that break bonds creating free radicals, cross linking or chain scissioning. Therefore, secondary
electrons are tracked up to 4% generation by this simulation. Electrons are tracked to their full extent within the bounds of
the resist and the substrate, down to the energy of the weakest bond in the material. Below this any interactions will have
too low an energy to cause any further exposure. Another important source of secondary electrons is Auger transitions as
these generate electrons of desirable energies for exposure and will generate more secondary electrons as they travel
through the resist.

1.2 Materials

The resists explored in this paper are all from the same family of modular resists being developed by the University of
Manchester. They are negative tone organometallic resists that are comprised of a Chromium ring [3] with an organic
ligand attached around the ring. These organic ligands can be changed whilst the base chromium ring remains the same
hence the modular nature. Here, the effect of changing these ligands in simulation will be explored in order to identify
possible candidates for further investigation thus showing the potential of the model to reduce experimentation time.

Table 1. A table of components of all the molecules simulated, including molecular formulas and diagrams.

Name Formula Diagram

Chromium Ring CrgFg
E
Pivalate 0,CsHy CH,
.0
. CHs
CHy
$
Methacrylate 0,C4Hs CH,

4-Pentenoate 0.CsH;
.0 "

§
4-Methyl-4-Pentenoate 0,CsHy )\[ﬁ CHy
e)
’ CHy

Table 1 shows the components which make up the 4 molecules simulated in this paper. Each molecule consists of the
Chromium ring with 16 ligands attached to the outside for example CrgFg(Pivalate);s. These ligands change the solubility
of the molecule which determines which casting solvents can be used.
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2. SIMULATION

The Monte Carlo model consists of 4 major parts these being: 1. The “fast” scattering model is the foundation of the
model and is used to track primary electrons and any electrons above 500eV; 2. A “slow” (low energy) quantum model
which deals with low energy secondary electrons or any primary electrons if the resist and substrate are thick enough to
prevent them escaping; 3. An Auger model which checks for generation of auger electrons; 4. A visualisation code used
to generate different 3D plots of the electron tracks. For each section the main equations have been shown from each
model, these being the collision probability and energy loss of an electron in the material. There are further equations
used to model the scattering angles and steps of the electron in order to build the full tracks and these are shown in a
previous publication [4].

2.1 Fast Scattering Model

The following model uses the model described by David C. Joy in Monte Carlo Modelling for Electron Microscopy and
Microanalysis [5] which is a classical model based on Rutherford scattering and as previously stated is only accurate for
electrons with energy above 500eV.

As an electron travels through a material it will undergo both elastic and inelastic collisions. The cross section for
inelastic collisions, eusic (cm?/atom), is given by,

B o ZF Am
Oolgstic = 5.21x10 ﬁm(
where Z is the effective atomic number of the whole molecule and E is the energy of the incident electron (keV). The
screening factor, a, is calculated using,

E +511 )2

il 1
E+ 1024 o

7067
a=34x10"3 T (2)

The distance travelled by an electron between elastic collisions is the elastic mean free path, 4. (cm), and is given by,
A
Napaelastic

where A is the molecular weight (g/mol), p is the density of the molecule (g/cm?) and N, is Avogadro’s constant. The
inelastic scattering cross section is given by the following differential cross section,

(3)

Aetastic =

do_inelasric me* ( 1 1 ) (4)

0 E\@ sz
where E again is the energy of the incident electron and QE is the energy of the generated secondary electron. The mean
free path for an inelastic scattering event is given by,

A
NoZpOimetastic

This simulation uses a constant energy loss model described by a modified Bethe-Bloch equation. The stopping power of

(&)

Ainelasti: =

. dE . .
a material, —5» 1s given by,

aE _ 78500 z 1 (1 166E * 0'86]) 6)
as - ag "\ ] (
where J is the min ionization potential (keV), calculated using,
]= [9.762 + 20-39} x 1073 @)

2.2 Slow Scattering Model

In order to extend the model to account for lower energy (slow) electrons D Joy suggested a partial wave expansion
method (PWEM). The PWEM used was described by J. J. Sakurai in Modern Quantum Mechanics [6].
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The slow scattering cross section is given by,

4 =
Ostow = k—ZZ(Zl + 1) sin?(ka)?'*! (8)
1=0
which when expanded for the dominant terms (/=0,1,2,3) gives,
41
Tstow = 77 (sin?(ka) + 3sin?(ka)® +5sin?(ka)® +7sin?(ka)”) 9)

where k is the wavenumber, k =

2:” and a was estimated to be ~0.025nm (atomic radius of Carbon) using the Thomas-
1 o . . .
Fermi atomic radius approximation, @ = 0.468Z 73 A. The mean free path can be found using gy, in equation 3.
Similarly, as with the fast scattering model the equations for generating scattering angels and steps between collisions
has been omitted.

2.3 Auger Electrons

The inclusion of the production of secondary electrons through Auger transitions and cascades is important as the
secondary electrons generated by these events are low energy. Therefore, they will create more secondary electrons as
they travel through the material causing high amounts of local exposure. Auger electron emissions are more likely from
transition to inner shells. This method was laid out by You et al [7]. The cross section for inner shell ionizations is given
by the Casnati cross section,

_ a}FR’ABInU

o = UE? (10)(8]

where a is the first Bohr radius (ap= 5.292x10'" m), R is the Rydberg energy (R=13.605 eV) and U=E/Ey. E is the

energy of the incident electron and Ey is the binding energy of the shell. The other factors can be calculated by,

F_(2+])(1+T)2X[ J+T)2+T)(1+))? ]%
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Egpn? 1.736 0317
A=(—) ;B =10.57exp (——+ );
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When Auger transitions occur, there can either be an electron or an X-ray emitted. The probability of an electron being
emitted for the different transition channels is given by,

Zy=324, X=K

2 )z,=894, X=1

Z* 42732y =1559X=M

Zy =300, X=N

Yax =1 12)[9]

2.4 3D Visualisation

A separate code is used to plot the data in MATLAB. This is because matplotlib in Python, the language the simulation
is written in, does not have a true 3D engine so the electron tracks do not plot correctly. Below is an example plot of a
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single beam entry point. In combination with the Monte Carlo simulation whole patterns of exposure can be plotted,
depending on computational resources.

Figure 1. below, shows an example plot of a single spot of electron scattering. The resist (grey) thickness is 100nm on a
silicon substrate with a thickness of 50 nm. The primary electrons are plotted in greyscale to show their distance from the
centre point of the beam

Thickness (nm)

=100 —

R

0 Depth (nm)
=50
-50 0 50
Distance (nm)

Figure 1. An Example plot of a 3D simulated image of electron tracks. Primary electrons are plotted in greyscale,
backscattered electrons are blue, fast secondary electrons are red, slow secondary electrons are magenta, 2" generation
slow electrons are cyan and 3" Generation slow electrons are green.

3. RESULTS

Simulations were completed for the four materials: 1. CrsFg(Pivalate)is, 2. CrsFs(Methacrylate)is, 3. CrgFs(4-
Pentenoate) s, 4. CrgFs(2-Methyl-4-Pentenoate) . All materials were simulated as a 100nm thick layer on a 50nm thick
substrate of Silicon. Material 1 is a known and tested material with a dose of 43,000uC/cm? at 100kV with a pitch of
60nm and is used as a comparison for the simulated values of the other materials. The properties for the materials used in
the simulation are displayed in Table 2.

Table 2. A table of values of all the molecules simulated including effective atomic number, Z; Molecular weight, A and
Density, p. *Density values for Materials 2, 3 and 4 are estimated from the measured value for 1 and the change in

ligand density.
Effective Atomic Molecular Density*, p,
Name Formula Number, Z Weight, A, (g/em?®)
(g/mol)
1. CrgFg(Pivalate)is CrsFs032Cs0H144 8.93 2192 1.21
2. CrgFg(Methacrylate)is CrgFs032CsaHs0 9.85 1929 1.32
3. CrgFs(4-Pentenoate) ¢ CrgFz03,CsoHi12 9.26 2154 1.28
4. CrsFs(4-Methyl-4-Pentenoate) CrgFz03,CocH 44 8.79 2378 1.25
Silicon Si 14 28.09 23
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The properties of the materials shown in Table 2 give a good indication of how the materials will react in the simulation.
From equation 1, for the elastic scattering cross section, it is clear that a higher Z value gives a larger scattering cross
section which in combination with an increased stopping power (equation 6) means that the electrons will lose energy
more quickly as they pass through the material. As an electron loses energy the probability of an inelastic scattering
event increases as the mean free path for inelastic scattering events is inversely proportional to Z. This increase in
inelastic scattering events means that more secondary electrons will be generated in the material. The generation of these
secondary electrons cause chain scissioning and crosslinking in the material which leads to changes in solubility and
hence exposure of the resist. The secondary electrons generated have a low energy compared to the primary electrons
which means that they are much more likely to go on to generate more secondary electrons in a cascade. Similarly, with
density, a higher density means a shorter mean free path between collisions meaning more scattering events will occur as
an electron passes through the material. A low molecular weight also means a lower mean free path causing similar
effects as those previously explained.

Thickness (nm)

100

150 ) Depth (nm) Distance )

S0 0 5 50

A) (B)

Thickness (nm)

100

Distance (nrm)

-150

50 o P “
& o 100 150

Distance (nm)

© (D)

Figure 2. (A) A 3D plot of 100nm thick film of material 1 on a S0nm thick silicon substrate each line has a step size of 5nm
and a pitch of 50nm. (B) A front on, cross section view of plot (A). (C) A 3D plot of 100nm thick film of material 2 on
a S0nm thick silicon substrate each line has a step size of Snm and a pitch of 50nm. (D) A front on, cross section view
of plot (C). All images were produced with a beam energy of 50keV. Colours of different electrons are explained in
figure 1.
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Knowing this, when comparing the resist materials, material 2 would be a much better candidate for increased electron
sensitivity compared to the starting material 1. This can clearly be seen in figure 2 where material 2 (C and D) has a large
increase in secondary electrons generated in the resist when compared to material 1.

Also, in these images the spread of the electron beam can be seen as it passes through the material, the broadening of the
beam in the resist shows how the resolution will decrease. In both resist materials the beam remains unchanged showing
that the high resolution of material 1 is maintained in material 2. Both materials have the same number of incident
primary electrons so that the increase in secondary electron generation can be seen. These are not real doses as material 2
would be over-exposed with this amount of electron generation.

The extent of the spread of secondary electrons can also be seen. This lateral exposure away from the line is responsible
for the proximity effect and also a broadening of the structures. Due to the energy disparity between the high energy
primary electron and much lower energy secondary electron, the generation angle of most first order secondary electrons
is over 80°, which is the cause of the lateral direction. The green electrons in the plots are the lowest energy electrons
and the highest generation of secondary electrons and they show where the highest level of exposure is occurring. This is
where the most collisions are happening, hence the most electrons being generated and therefore where the resist is being
exposed. These materials have a high resolution due to the low amount of lateral exposure with these low energy
secondary electrons being focused around the beam.

Even though there appears to be more electrons generated in the resist compared to the silicon substrate this is not the
case. It is due to the mean free path being so much lower in the silicon. This means that the electrons cannot travel as far
before their energy is lost, so they are contained within the center of the beam and so are obscured in the image by the
divergence of the beam. The high scattering properties of silicon also mean that large amounts of resist exposure occur at
the resist-silicon interface, due to backscattering of low energy electrons from the silicon into the resist.
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——eo— CrsFs(Pivalate)is ——o— (rsFg(Pivalate)is
1200000 3 .., A+ CrsFy(MethAcrylate)is 500000 1 ... A+ CreFy(MethAcrylate)is
1000000 B - -m— CrFi4-Pentenoate)is u — -8 = CrsFy(4-Pentenoate)is
\ CriFu(z Mty 400000 -y
. = @ - CrsFs(2-Methyl-4-Pentenoate)is : — & - CrsFy(2- 4] o
300000 \‘ CrsFy(2-Methyl-4-Pentenoate)
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Figure 3. (A) A plot of secondary electrons generated in the 4 materials. Each material was simulated using 1 million
electrons at acceleration voltages of 10-100kV. (B) A plot of auger electrons generated in the 4 materials. Each material
was simulated using 1 million electrons at acceleration voltages of 10-100kV.

Figure 3 shows the number of secondary electrons and the number of auger electrons generated in all four materials for
beam energies in the range of 10 to 100keV. This range was chosen as it covers most conventional lithography energies,
with the resist family in this paper usually being written at 30 and 100 kV and with the common industry technique VSB
being at 50kV. 1,000,000 incident electrons were used in the simulations of all the materials at all energies, as this
provides a sufficiently large data size to reduce statistical error. It is clear to see that as the energy increases the number
of secondary electrons generated also decreases. This is due to the scattering cross sections being inversely proportional
to the energy of the incident electron. So, as the energy increases, the chance of collisions and hence generation of
secondary electrons decreases. This also means that while the resist is less sensitive at higher energies it will also have
better resolution. These results confirm those shown in figure 2 where material 2 is the most sensitive of the four
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materials. While it may seem that the number of inner shell ionizations would decrease with lower energy this is only
apparent for the K shell. The L, M and N shell transitions start to dominate at lower electron energies meaning that auger
electrons become a large contributor to the exposure of the resist as long as the incident beam energy is kept above the
highest electron binding energy of the molecule.
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Figure 4. A plot of the ratio of Electrons generated in materials 2, 3, and 4 in comparison to material 1 for acceleration
voltages 10-100kV.

Figure 4 shows the relative number of secondary electrons generated in each material when compared to material 1. This
shows an increase in electron generation for each material (2,3&4) when compared to a known and tested material (i.e.
material 1). From table 2 it is clear why material 2 and 3 should be faster as they have properties which are more
inducive of electron scattering. However, material 4 does not have these properties yet still has an increase by a factor of
12.8. This increase is because the ligands that replace the pivalate on the chromium ring have an exposed double carbon
bond on the end of the molecule. This means that when secondary electrons are generated from the molecule there is a
high chance that two electrons are emitted causing a large increase in electron generation when an electron collides with
the ligand. Also, the reduction of carbon and hydrogen in the molecules increases the effective Z and the density of the
molecule leading to reduced mean free path and consequently more collisions. This data shows that the molecules
presented here would offer an increase in generation of secondary electrons and hence an increase of sensitivity of 17.3
times for material 2 at 100kV.

4. CONCLUSION

New generations of a family of resists were explored using Monte Carlo Modelling. New potential candidates for
improvement to the resist material have been found by simulating a change in ligand on the metallic ring. A potential
improvement in dose by a factor of 17.3 was found by replacing the pivalate ligand on the current material with a
methacrylate ligand. This estimation of the increase in dose does not take into account many factors which affect the
dose of a resist material such as solubility in the casting and developing solvents. Changing these ligands will greatly
change their solubility. Also due to this change in solubility the LER and resolution of the material will be affected
beyond what is suggested by the simulations. Overall this shows that costly and time-consuming experimentation can be
reduced by using simulation before chemical synthesis and testing of the resist material is required.
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ABSTRACT

A new class of resist materials has been developed that is based on a family of heterometallic rings. The work is founded
on a Monte Carlo simulation that utilizes a secondary and Auger electron generation model to design resist materials for
high resolution electron beam lithography. The resist reduces the scattering of incident electrons to obtain line structures
that have a width of 15 nm on a 40 nm pitch. This comes at the expense of lowering the sensitivity of the resist, which
results in the need for large exposure doses. Low sensitivity can be dramatically improved by incorporating appropriate
functional alkene groups around the metal-organic core, for example by replacing the pivalate component with a
methacrylate molecule. This increases the resist sensitivity by a factor of 22.6 and demonstrates strong agreement
between the Monte Carlo simulation and the experimental results. After the exposure and development processes, what
remains of the resist material is a metal-oxide that is extremely resistant to silicon dry etch conditions; the etch
selectivity has been measured to be 61:1.

Keywords: Metal Organic electron beam resist, electron beam lithography, 3D Secondary and Auger electron Monte
Carlo Simulation

1. INTRODUCTION

The ability to write structures at the nanoscale using lithography underpins all modern, computer-based
technology. The electronic devices we take for granted contain integrated circuits, the key component of which are field-
effect transistors (FETs). These have reduced in size by a factor of two every two years over the past forty years,
following “Moore’s Law”. The roadmap for the electronics industry now assumes that this constant reduction of size will
continue, at least until the mid-2020s. Immersion 193 nm optical lithography (i1193nm) is the current technique used to
manufacture FinFETs, field-effect transistors with a shape resembling a fin. Unfortunately, this technique is reaching its
physical limits in resolution. To counteract this, extreme ultra violet lithography (EUVL) has been promised to replace
this technology. After two decades of outstanding research, numerous technical achievements, and multi-billion dollar
investment, EUVL technology has only recently arrived into the research element of the semiconductor industry. While
EUVL tools are being delivered, there is still a great need to develop new resist materials that will result in the creation
of suitable EUVL photomasks. To achieve the 7 nm node that is expected to be in production by 2024, the features on
the photomask, which are presently produced using electron beam lithography (EBL), are required to be 30 nm. Current
e-beam resists cannot hit that specification, which means that new resists are needed in order to extract the full potential
from EUVL.

Negative tone resists that are currently being used to fabricate photomasks for i193nm lithography are NEB22
(Sumitomo) and EVN30 (Shipley); they have a resolution of 40 and 50 nm, respectively [1, 2]. This resolution is
required because the 1193nm tools project the image onto photoresist and have lens reduction of 4x. Thus, to achieve the
14 nm node, features on the photomask need to be 56 nm. This is well outside the specification of 30 nm that is required
for the production of EUVL photomasks. Another well-known issue presented by reducing feature sizes is that the
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required exposure dose to make them increases. This leads to longer write times, thus decreasing the throughput of
photomask creation. To alleviate this issue, new EBL tools that utilise multiple beams are being designed to fabricate
these photomasks. These tools have as many as 262,144 beams and have demonstrated a half-pitch resolution capability
of 11 nm [3], but exposure times required for to exposure a full photomask are still too long. Therefore, new resist
materials are required with higher sensitivities and higher resolution, and are the subject of this work.

Once the high-resolution pattern has been achieved, it must be transferred into the underlying substrate. This is
usually achieved using an inductively-coupled plasma (ICP) etching technique. Etching nanostructures at dimensions
that are less than 50 nm pitch, however, is very difficult because the probability of landing the neutral ions between
features is extremely low [4]. This leads to a decrease in etch efficiency, which inherently decreases the etch rate and
selectivity. To increase the etching efficiency, the ICP forward power can be increased, but this increases the etch rate of
the resist, too, which would then require thicker resist to achieve the proper etch depth, which itself would require higher
dose and result in reduced resolution. To avoid these interrelated issues, the ideal resist must be able to withstand the
aggressive nature of the etching plasma. One method of achieving this is to incorporate metal materials into the resist. It
has been shown that resists that are comprised of metal species exhibit small etch rates (because they have very little or
no chemical reactivity with the gases that are used to etch the substrate) and consequently demonstrate large selectivities

[4].

To address all of the above issues, we have developed a new class of resist materials that is based on a family of
heterometallic rings [5]. Our resist material uses rigidity within the metal-organic molecule to achieve a very low density
(p=1.212) while exhibiting a large molecular weight (2192 g/mol), which produces high resolution nanostructures.
Figure 1a shows the resist molecule, established by the binding of eight chromium (Cr) atoms (in green) to form a ring-
like frame structure; its chemical formula is CrgFg(CsHqO3) 16, denoted henceforth as CrgFg(Pivalate),s. The fabrication of
this structure is described elsewhere [6]. The exterior of the compound, composed entirely of fert-butyl groups
(pivalates), gives the compound high solubility in non-polar solvents and allows it to be spun onto substrates, €.g., silicon
and chromium. Upon exposure to electrons, a bond scission interaction occurs, resulting in the carbon and oxygen atoms
in the pivalate molecule reacting to form CO, gas, which volatilizes in the vacuum. This leaves behind a chromium
oxide material that is insoluble in the developer solvent [4]. These resists write with very high resolution, but at the
expense of lower sensitivity. To improve the resist sensitivity, we hypothesized that replacing the pivalate molecule with
a methacrylate molecule (see Figure 1b) would lead to a reduction in the exposure dose without negatively impacting the
resolution. The chemical formula of the resultant resist is CrgFg(C4Hs03),6, denoted henceforth as CrgFg(Methacrylate);s.
This resist has dangling alkene groups outside of the molecule that are free to activate a secondary electron (SE)
generation mechanism when irradiated by incident lithography electrons. This results in more electrons scattering inside
the resist, thus creating a chain reaction of cascading electrons that, upon each collision, exposes the resist in the
immediate write area. This has the effect of increasing the overall sensitivity of the resist. It comes at the expense, of a
large contribution to the proximity effect.

\ I
\ 0] (0]

Figure 1 a) Cr8Fy(Pivalate) ¢, b) CrgFg(Methacrylate),s. The structure of the molecules in a crystal, in ball-and-stick representation. Cr
atoms are green and F atoms are yellow. H atoms are omitted for clarity.
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2. SIMULATION AND EXPERIMENTAL

A Monte Carlo simulator was developed at the University of Manchester to gain a physical understanding of the
internal electron scattering effects inside the Cr8Fg(Pivalate);s and CrgFg(methacrylate);s resist systems [4, 7].
Unfortunately, no single model accurately describes the electron behaviour in a resist for the energy range of 5 eV — 100
KeV. The simulator therefore uses two models to describe the electron scattering behaviour. The first utilizes the Joy
model, which is based on Rutherford scattering and is an accepted estimate for electrons with kinetic energies above 500
eV, where quantum effects are ignored [8]. With each scattering event, the incident electron loses a portion of its initial
energy and very often ends up with an energy below the 500 eV threshold. Therefore, a model for low-energy electrons
(100eV and below) was also employed. This model uses the hard-sphere potential approximation, which exploits a
quantum mechanical approach to electron scattering [9]. It incorporates the use of the partial wave expansion method
(PWEM), which is a method for modelling low energy electrons scattering through metals and other solids [10 — 12].

It has been hypothesized that upon a collision event, both the primary electrons (PEs) and SEs experience the
statistical chance of exhibiting the correct energy to emit an Auger electron (AE). Understanding the behaviour of these
electrons is essential because they will be emitted from inner shells of the scattering atoms and will have a low energy
that is suitable for generating even more SEs and AEs (this happens because the AE energy is lower than the first
generation of AE emission, resulting in AE generation from the outer shells). Ultimately, this causes a cascading event as
AEs travel through the immediate exposure area of the resist. These electrons contribute significantly to the proximity
effect and therefore must be evaluated by the simulator. The Auger generation model is based on the work by Ding,
which uses the Casnati cross-section for understanding inner shell ionization [13, 14].

The simulation was performed on a 30 nm layer of cach electron beam resist, CrgFg(Pivalate);s and
CrgFg(Methacrylate),q, with an underlying 50 nm substrate of silicon and chromium, respectively. Table 1 shows the
physical properties of each material. The incident electron beam had a Gaussian distribution of 36, where the spot size
had a diameter of 2 nm. The simulation was run using 1,000,000 electrons to reduce the statistical error.

Physical property CrgFs(Pivalate);s | CrgFg(Methacrylate);s Silicon Chromium
Density (g/cm’) 1.2 1.2 2.33 7.14
Effective Atomic Number 9.0 9.7 14 24
Average Atomic Weight (g/mol) 2192 3794 28.0855 51.9
Mean Tonization Potential (eV) 126.4 132.8 174 266.2

Table 1: Physical properties of the resist materials and substrates.

To fabricate a photomask, chromium is typically used as the absorbing photon layer. Therefore, the resist must
be deposited on this material and patterned successfully by the EBL tool, followed by transfer of the high-resolution
pattern into the Cr layer. In more detail, a 100 mm Si<100> wafer was coated with Cr using magnetron sputtering in an
AJA Orion UHV series sputter system. The wafer process pressure was kept at 3 mtorr, as measured by a capacitance
manometer utilizing downstream adaptive pressure control. Process gas species flow rates were kept constant at 20 sccm
using a mass flow controller. The argon gas used for sputtering was of semiconductor grade purity. The thin film
thickness and deposition rate data were measured by a quartz crystal thickness monitor. The system base pressure was
1E-8 torr prior to beginning deposition. The Cr layer was deposited with simultaneous RF substrate etching in order to
smooth the RMS roughness. The substrate was pre-sputtered for 60 seconds at 100 W RF prior to the shutter opening.
Deposition parameters included 200 W DC with a target power density of approximately 10 W/em®, to achieve a
deposition rate of 1.22 Angstroms/s and an approximate thickness of 50 nm. The Cr layer was pre-sputtered for 60
seconds prior to shutter opening using the deposition parameters of 230 W DC with a target power density of
approximately 10 W/em?, and a deposition rate of 0.58 Angstroms/s and an approximate thickness of 100 nm. The 100
W RF substrate etch was continued for the duration of the Chromium deposition and extended to account for back-
sputtered material caused by the RF power delivered to the substrate. After the magnetron’s shutter closed the RF power
is ramped down over 40 seconds, resulting in some slight etching without any incoming Cr flux. The wafer was diced
into 20 mm x 20 mm substrates.

The resist fabrication process is as follows. First, introduce 30 mg of CrgFg(Pivalate),s to 3 g of Hexane and
filter it using a 0.2 pum PTFE syringe filter. The CrgFg(Pivalate)q resist was spun onto 20 mm X 20 mm silicon substrates.
The resist was spun using a spin cycle of 6000 rpm for 40 seconds, which was followed by a soft bake at 100°C for 2
minutes, allowing the cast solvent to evaporate. The resulting resist film had a thickness of 30 nm. This process was
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repeated for the CrgFg(Methacrylate),q resist, except the hexane solvent was replaced with anisole. The CrgFg(Pivalate)q
resist was spun onto the Cr-coated silicon substrates using the same process that was used for coating the silicon
substrates.

The exposure clearing dose of each resist material was determined from a one-dimensional matrix of a single
pixel lines that were 5 um long; the width of the line was the width of the electron beam, i.e. 2 nm. The one-dimensional
matrix had each single pixel line separated by a pitch of 60, 55, 50, 45, and 40 nm. These were exposed with a dose
range from 1000 to 80000 pC/cm? in incremental steps of 50 pnC/cm?. All resists were exposed using a Raith EPBG 5200
electron beam writer. The patterns were exposed using an acceleration voltage of 100 KeV, a probe current of 300 pA,
and a step size of Snm. The CrgFg(Pivalate),s and CrgFg(Methacrylate), resists were developed in a bath of hexane and
anisole, respectively, for 10 seconds. All samples were blown dry using Nitrogen (N,).

3. RESULTS AND DISCUSSION

Figure 2 shows a 3D scattering trajectory plot that illustrates that both of the resists confine the primary
clectrons (PEs) to within a 15 nm diameter of the immediate write area, suggesting that high resolution nanostructures
would be expected. It is evident that CrgFg(Methacrylate), resist generates more SEs in the resist (see Figure 2b and d)
than the CrgFg(Pivalate);s resist (see Figure 2a and c).
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Figure 2 Point spread function of the internal electron scattering interactions inside (a) CrgFg(Pivalate);q resist on 50 nm of Si. (b)
CrgFg(Methacrylate) s resist on 50 nm of Si, (¢) CrgFg(Pivalate), resist on 50 nm of Cr, (d) CrgFg(Methacrylate), resist on 50 nm of
Cr. The acceleration voltage used was 100 KeV. The black lines represent the PEs from the incident beam while the SEs above 500
eV are represented by the red lines. The SEs, which have associated energies below 500 eV, were generated by first, second and third
order collisions and are indicated by purple, cyan and green, respectively. The blue lines are backscattered electrons. One million
electrons are inserted into a single spot.
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This is important as these electrons are responsible for exposing the resist and subsequently increase the overall
sensitivity while contributing to the proximity effect. When the methacrylate molecule is appended to the outside of the
molecule, the dangling alkene groups are induced by the PEs to eject further SEs, which contribute to the reduction of
the overall exposure dose. The associated energy of the SEs is considerably lower than that of the PEs, leading to an
increased number of scattering events, with subsequent collisions generating even more SEs, thereby producing a
cascade of scattering events. This effect can be seen in Figures 2b and d, where SEs are scattered at angles larger than
80° in arbitrary trajectories away from the primary beam, exposing the resist laterally. This is how the SE plays a major
role in both widening the size of the nanostructure and producing a more sensitive resist.

Figure 3a shows the number of SEs generated inside each of the resists as a function of acceleration voltage. At
the lower energies of 10 to 50 KeV, the PE is slow enough to cause multiple inelastic scattering events and generate
more SEs, increasing the sensitivity of the resist while sacrificing resolution. At the higher energies of 50 to 100 KeV,
the PEs have a lower probability of generating SEs and therefore more collisions are required in the resist material to
lose sufficient energy and therefore to increase the probability of generating an SE (see Figure 2). As a consequence, a
substantial number of incident electrons will come to rest deep in the Si substrate below without having participated
significantly in exposing the resist, or otherwise can be backscattered into the underside of the resist material
approximately 30-40 um away from the immediate exposure area. Thus, while 100 KeV can achieve high resolution by
narrowly confining the forward scattering of electrons inside the resist, this comes at the expense of higher dose and
longer writing times. Currently, 50 KeV EBL tools are employed by the semiconductor industry because it best
optimizes resolution versus writing time; Figure 3 reflects this philosophy.
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Figure 3 The number of Electrons generated in 30 nm thick resist films on 50 nm thick Si substrate. a) Total number of secondary
electrons generated, b) Total number of Auger electrons generated from the resist materials.
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It is clear that replacing the pivalate molecule with the methacrylate molecule significantly increases the
number of SEs that are generated, thus predicting that the CrgFg(Methacrylate),s resist will have increased sensitivity
compared to CrgFg(Pivalate);s. This is due to the methacrylate’s alkene groups generating SEs in close proximity of Cr
atoms in the resist; Cr has a larger electron energy stopping power than that of the C, O and H atoms in the organic
molecule and therefore reduces the energy of the electron. As the energy reduction of the incident electron passes the
threshold of which the probability of a secondary electron being created, they are free to collide with the Alkene groups
in the Methacrylate molecule and this will allow more secondary electrons to be generated (their energy will be reduced
more than the first generation) and this will create an avalanche effect until their associated energy is lower than 3.6 eV
(which is the energy required to scission a C — C bond). As a result of the scattering angle the secondary electron
penetrates through the CrgFg(Methacrylate), resist it exposes it laterally. This has the effect of reducing the resolution of
the pitch.
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The number of AEs generated is significant because there is a high probability of emitting low energy AEs from
the 18 shell, since the lowest associated energy (5989 eV) for an incident electron shown in Figure 3b was 10 KeV. The
Cr atom requires the largest associated incident electron energy to emit an AE in both resist systems because the
excitation energy that is essential to ionize the electron from its ground state to a higher orbit is 5989 eV. EBL tools that
operate at higher incident electron energies of the Cr electronic ground state are therefore able to take advantage of this
process. It must be noted that EBL tools that use large acceleration voltages (50 KeV and above) will have a lower
probability of emitting an AE because the scattering interaction is lower and this can be seen in Figure 3b. It is evident
that incident electrons with low energies emit more AEs because the emitted AEs have low energy with respect to the
energy of the incident electron, thereby increasing the statistical chance of creating further secondary and secondary
Auger electrons (if the excitation energy of the secondary AEs is correct) upon each collision. Hence causing a chain
reaction of cascading electrons in the immediate exposure area, leading to a significant reduction in exposure dose. It is
clear that the dangling alkene groups of the methacrylate molecule are induced by all types of electrons (PEs, SEs and
AEs) and generate significantly more AEs than that of the CrgFg(Pivalate), resist because they have an electron from the
carbon atom that is free to be ionized from the ground state (this requires an excitation energy of 284.2 eV and the
probability of generated SEs and emitted AEs having this discrete energy is high).

To build on the result and the explanation of Figure 3, Figure 4 shows the number of SEs and AEs that are
generated in the CrgFg(Methacrylate),s resist compared to the number generated in the CrsFg(Pivalate),q resist, expressed
as a ratio. This ratio was calculated to communicate the overall improvement in exposure performance of the alkene
groups compared to the pivalates, which are expected to be less sensitive. It was found that the presence of the
methacrylate molecule increased the sensitivity of the resist material, as predicted, thereby reducing the exposure doses
required to produce a pattern. This is another way of expressing the results previously given in Figure 2 and 3, which
show the same overall effect.
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Figure 4. a) The ratio of secondary clectrons generated by CrgFs(Methacrylate),s and CrgFg(Pivalate)s resists on 50 nm Si and Cr
with varying acceleration voltage, b) The ratio of Auger electrons generated by CrgFg(Methacrylate);s and CrgFg(Pivalate),s resists on
Siand Cr with varying acceleration voltage.

Compared to pivalate, methacrylate increases the number of generated SEs and AEs by a factor of 3.7 and
4.9, respectively, over the acceleration voltage range presented. The amplifications seen here increase the speed of the
write times by increasing the solubility of the molecule upon the development process. Thus, to achieve the maximum
resolution while avoiding overexposure, the exposure dose must be decreased to compensate for the extra concentration
of electrons in the immediate exposure area. From this, the maximum write speed that can be theoretically achieved by
CrgFg(Methacrylate),q is approximately 23.6 times faster than CrgFg(Pivalate);s at 100 KeV. This particular acceleration
voltage is of interest as it was used to validate theoretical results with experimental results, which are presented next.

Figure 5 shows scanning electron microscope (SEM) micrographs of developed nanostructures written into
CrgFg(Pivalate)s and CrgFg(Methacrylate)s resists. It is evident that CrgFg(Methacrylate);s required an exposure dose
lower than CrgFg(Pivalate);, due to the introduction of the alkene groups. Even though the clearing dose of
CrgFg(Methacrylate),q is considerably reduced, Figure 5b clearly shows that the nanostructures could only be resolved at
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a pitch 60 nm (and no lower) as predicted by the results of the simulations (see Figure 3), while CrgFg(Pivalate);s
produced a pattern with a pitch as small as 40 nm. Figure 5S¢ shows 15 nm features written into CrgFg(Pivalate),s resist on
100 nm of Cr. Interestingly, only a 45 nm pitch could be achieved on those samples; this is because Cr, compared to Si
only, leads to a higher number of BSEs emitted from the substrate layer back into the underside of the resist, contributing
to the proximity effect. This is expected because the atomic number of Cr is 1.71 larger than that of Si; this is predicted
by the results of the simulation.

(a) CrgFs(Pivalate),s on Si (b) CraFs(Methacrylate).s on Si (c) CrgFs(Pivalate):s on Cr/Si

Dose] 43000 pCicme | | 1| 1] Dose: 43000 uCic ' |Dose: 37000 uCicm?
Pitch 60 nm } : itch:! g0 Pitch: 60 nm

200 nm i & i+ 200 nm 200 nm

44000hicrémd 1 ‘ o 38000 1CTem?
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52000 uCrem? © i 46000 (Clarn?
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tron doses versus pitch on Si and Cr substrate materials. (a) Top down view of 15 nm lines on a 60, 55, 50, 45
and 40 nm pitch fabricated in CrgFg(Pivalate), resist on Si substrate. (b) Top down view of 15 nm lines on a 60 nm pitch fabricated in
CrgFg(methacrylate), resist on Si substrate. (c) Top down view of 15 nm lines on a 60, 55, 50 nm pitch fabricated in CrgFg(Pivalate)q
resist on 100 nm of Cr on Si substrate.

Figure 6 shows how the exposure clearing doses vary with pitch of the pattern and confirms the role of the
methacrylate molecules acting as SE and AE generators. The clearing dose in CrgFg(Methacrylate),s is 22.6 lower than
that in CrgFg(Pivalate);s, showing strong agreement with the factor of 23.6 predicted by simulation. The 4.3% simulation
error is likely due to the Si substrate only having a thickness of 50 nm, whereas in the experiment, the substrate is 550
pm thick. The pattern exposure took place using incident electrons that had an acceleration voltage was 100 KeV; at this
energy, the electrons can penetrate as deeply as 40 pm into the Si substrate and generate BSEs that get deposited into the
underside of the resist, thus lowering both the exposure dose required and the patterning resolution.

It must be pointed out here again that the Monte Carlo simulator uses two models; the semi classical model
accounts for electrons with energies of 500 eV and above and the hard sphere method models quantum effects for
electron energies of 100 eV and below. Clearly, some electrons may have energy in the 400 eV gap between the models,
and are therefore unaccounted for. The simulator also does not account for x-rays generated by the electrons. These x-
rays can cause bond scissions in the immediately exposure area and have the effect of lowering the exposure dose.
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Figure 7a shows 15 nm nanostructures with a 40 nm pitch that have been patterned in the CrgFg(Pivalate),4 resist
on a Si substrate. The resist exhibited extremely high dry etch selectivity when compared with Si. Since it is difficult to
distinguish between the resist and Si in the micrographs, the Si was etched with conditions that created an undercutting
effect, where the resist-Si interface can clearly be seen. Although this helps with characterization, it must be noted that
this kind of undercut is an undesirable result in real FInFET fabrication.

200 nm

Figure 7 a) Top down view of 15 nm lines with a 40 nm pitch fabricated in CrgFg(Pivalate), resist on a Si. (b) Profile view of 15 nm
lines on a 40 nm pitch fabricated in CrgFg(Pivalate), resist on Si. ¢) Profile view of CrgFg(Pivalate),q resist on Si after a 20 sec pseudo
Bosch dry etch process. d) Top down view of 15 nm lines on a 60 nm pitch fabricated in CrgFy(Methacrylate),q resist on Si. (e) Profile
view of 15 nm lines on a 60 nm pitch fabricated in CrgFg(Methacrylate),q resist on Si. f) Profile view of CrgFg(Methacrylate), resist on
Si substrate after a 20 sec pseudo Bosch dry etch process. Parameters: SFq and C,4Fs gases were used with flow rates of 22 and 35
scem, respectively; the deep reactive ion etching (DRIE) forward power was 20 W and the ICP forward power was 1200 W.
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The underlying Silicon was etched with a pseudo Bosch dry etch process that uses ICP of SFy and C,Fg gases.
Before the etching process, Figure 7b shows that the resist produced a resolution of 15 nm while exhibiting a height of
25.4 nm. Figure 7c shows the resolution of the Si nanostructures after the etch was 11 nm, while exhibiting a height of
36.3 nm. The remaining resist thickness is measured to be 24.6 nm, which leads to an effective resist etch rate of 0.04
nm/sec over the 20 seconds of etch time, while the Si etch rate was 1.8 nm/sec. These measurements indicate a
selectivity of 45:1.That is, the silicon etches 45 times faster than the resist. Figure 7d shows 15 nm nanostructures with a
60 nm pitch that have been patterned in the CrgFg(Methacrylate),, resist on Si substrate; this was the best resolution that
was obtained. Figure 7¢ shows 15 nm nanostructures with a 60 nm pitch while exhibiting a height of 22.5 nm. Figure 7f
shows the width of Si nanostructures after the etch to be 16 nm, while exhibiting a height of 43 nm. The remaining resist
thickness is measured to be 21.8 nm, which leads to the resist etch rate of 0.035 nm/sec, while the Si etch rate was 2.15
nmy/sec. This indicates a selectivity of 61.4:1. This is approximately equivalent to the selectivity that is achieved with
aluminum oxide masks [15], which were to this point the best masks available (it should be noted that the use of
aluminum oxide masks requires more processing steps and has increased costs compared to this process). It is evident
that the additives of the methyl methacrylate do not affect the etching performance of this material; clearly the chromium
oxide does not react with the SFg or C4Fg gases. As the gases come into contact with the resist, there is no chemical
reactivity, thus the resist keeps its structural integrity and yields a large selectivity. This is significant because other
resists such as PMMA, ZEP520A and HSQ have etch selectivities of only 2:1, 2.89:1 and 4.16:1, respectively [16]. That
is, the highest dry etch resistance among these commonly used resists is only a little over 4 times that of Si. The new
material reported here outperforms each of these materials by a factor of at least ~14.75.

At first glance, it appears that the Si etching process for the CrgFg(Pivalate),q resist exhibits a poorer etch
selectivity when compared to the CrgFg(Methacrylate),s resist. This is not the case, because the pitch was 20 nm smaller
and therefore the etch efficiency was decreased, which inherently decreased the etch rate of the underlying substrate and
produced a smaller etch depth, leading to a decrease in the selectivity. An experiment in which the pitch is extended to
100 or 200 nm is expected to show equal or near-equal etch selectivity, once the small pitch effect is mitigated [4].

Figure 8a shows 15 nm lines on a 50 nm pitch that have been patterned in the CrgFg(Pivalate);s resist on a 100
nm Cr layer that was deposited on Si substrate. The underlying Cr layer was etched with a dry etch process that uses an
ICP of Cl, and O, gases. Before the etching process, Figure 8b shows that the resist yielded line widths of 15 nm while
exhibiting a height of 26.7 nm. Figure 8c shows the width of the Cr nanostructures after the etch was 15 nm, while
exhibiting a height of 20 nm. The profile of these Cr nanostructures are triangular in shape, likely due to over etching.
The resist has been totally eroded away, which leads to a calculated resist etch rate of 1.33 nm/sec, while the Cr etch rate
was 1.0 nm/sec. This yields a selectivity of 0.75:1, meaning that Cr etches 0.25 times slower than CrgFg(Pivalate),4 resist
with this etch. This is not a surprising result because after electron beam exposure, the CrgFg(Pivalate),s resist is
converted into a chromium oxide material and the chemical reaction rate of the Cl, gas with the chromium oxide is
expected to be high.

4. CONCLUSION

In summary, two metal organic negative tone electron beam resist have been investigated. It was shown by the
Monte Carlo simulations that the CrgFg(Methacrylate)q resist material generated a significant number of secondary and
Auger electrons within the resist when compared to the CrgFg(Pivalate); resist, due to the presence of alkene groups. It
was found that CrgFg(Pivalate), resist produced very high-resolution nanostructures (15 nm in width) while exhibiting a
pitch of 40 nm. This high resolution came at the expense of sensitivity, however; the clearing dose of this resist material
was 61000 pC/cm” at 40 nm pitch and 43000 pC/em? at 60 nm pitch. It was shown that the low sensitivity was
dramatically improved by replacing the pivalate component with a methacrylate molecule; the clearing dose of this
altered resist material was 1900pC/cm? at 60 nm pitch (40 nm pitch was not achievable with this material). Substituting
methacrylate for pivalate, therefore, resulted in a 22.6 fold increase in resist sensitivity. This experimental result was in
strong agreement with simulations, which predicted an increase by a factor of 23.6. Preliminary studies showed that both
resists have a remarkable pseudo Bosch dry etch resistance compared to silicon (selectivity was calculated to be 61:1 for
the methacrylate resist and 45:1 for the pivalate resist). The high etch resistance is due to the presence of the d-block
metal (Cr) in the initial resist, which ultimately yields a chromium oxide hard mask following exposure to an electron
beam and subsequent development in solvent.
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Figure 8 a) Top down view of 15 nm lines with a 50 nm pitch fabricated in CrgFg(Pivalate)s resist on a 100 nm layer of Cr on Si
substrate. (b) Profile view of the nanostructures shown in (a). (¢) Profile view of the nanostructures following a 20 sec pseudo Bosch
dry etch process, showing fins with a 8 nm width. Parameters: Cl, and O, gases were used with flow rates of 100 and 3 scem,
respectively; the DRIE forward power was 100 W and the ICP forward power was 1000 W,
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ABSTRACT: Field-emission devices are promising candidates
to replace silicon fin field-effect transistors as next-generation
nanoelectronic components. For these devices to be adopted,
nanoscale field emitters with nanoscale gaps between them need
to be fabricated, requiring the transfer of, for example, sub-10
nm patterns with a sub-20 nm pitch to substrates like silicon and
tungsten. New resist materials must therefore be developed that
exhibit the properties of sub-10 nm resolution and high dry etch
resistance. A negative tone, metal—organic resist is presented
here. It can be patterned to produce sub-10 nm features when
exposed to helium ion beam lithography at line doses on the
order of tens of picocoulombs per centimeter. The resist was
used to create S nm wide, continuous, discrete lines spaced on a
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16 nm pitch in silicon and 6 nm wide lines on an 18 nm pitch in tungsten, with line edge roughness of 3 nm. After the
lithographic exposure, the resist demonstrates high resistance to silicon and tungsten dry etch conditions (SFg and C,F,
plasma), allowing the pattern to be transferred to the underlying substrates. The resist’s etch selectivity for silicon and tungsten
was measured to be 6.2:1 and 5.6:1, respectively; this allowed 3 to 4 nm thick resist films to yield structures that were 21 and 19
nm tall, respectively, while both maintained a sub-10 nm width on a sub-20 nm pitch.

KEYWORDS: Metal—organic resist, ion beam resist, helium ion beam lithography, high-resolution pattern, high dry etch resistance

he ability of integrated circuit technology to follow

Moore’s law has depended on the continuous reduction
in the size of field-effect transistors (FETs), first in the planar
metal—oxide—semiconductor field-effect transistor (MOS-
FET) architecture and now more recently in the 3D fin
field-effect transistor (FinFET) architecture. This has been
accomplished by reducing the FET’s channel length, width,
and gate oxide thickness and by changing the gate dielectric
material according to Dennard’s scaling rules. Unfortunately,
these scaling rules have begun to break down because as the
gate length is reduced to dimensions of 32 nm or smaller, the
supply voltages need to be scaled down as well, but doing so
does not provide enough voltage to turn on the p—n junction.
Furthermore, the power density in the newest microprocessors
has become so large that powering all transistors simulta-
neously would rapidly exceed the thermal power budget for the
chip, resulting in diminished performance, decreased lifetime
and, eventually, permanent device failure. Overheating can be
addressed by powenng 50% of transistors on a single chip on a
single clock cycle,” but this presents a significant technical
design challenge. Considering these problems together, it has
been predicted by the International Technology Roadmap for
Semiconductors (ITRS) that it will no longer be economically
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feasible to decrease FET device dimensions past the “7 nm
node”,’ thus imbuing a sense of uncertainty on the future
direction of the semiconductor industry.

Field-emission devices are promising candidates to succeed
silicon FinFETs because they can operate in high-power-
density regimes where chip temperatures can reach >300 °C.
Solid-state transistors fail in this regime because the p—n
junction’s functionality is lost when electrons in the p-doped
regions are thermally excited to the same conduction electron
concentration as that in the n-doped regions.* Conversely,
field-emission devices remain operational because as the
temperature is elevated, the current remains exponentially
dependent on the field until the temperature is sufficient to
initiate thermionic emission, which usually occurs hundreds of
degrees above 300 °C.° These devices are also attractive
because they are capable of operating at frequencies of
hundreds of gigahertz; this has been achieved by fabricating
150 nm yacuum gaps using optical lithography and resist
trimming.® Other researchers recently demonstrated that when
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sub-50 nm emitter—collector gaps were fabricated, electric
fields high enough for field emission could be achieved at <10
V; the devices were complementary metal—oxide—semi-
conductor (CMOS)-compatible, functional at atmospheric
pressure, and able to be independently gated on a single
integrated chip.* Turn-on voltages can be further reduced by
fabricating sharper emitters with smaller emitter—collector
gaps, incentivizing the creation of new fabrication techniques
that yield tightly spaced, sub-10 nm structures.

Whereas electron beam lithography (EBL) offers high-
resolution patterning to create sub-10 nm structures in the
resist,’ it is difficult to pattern these with high density, for
example, with sub-10 nm wide lines spaced <20 nm apart. This
is because secondary, Auger, and backscattered electrons (SEs,
AEs, and BSEs) scatter in between the nanostructures during
patterning, which exposes the resist in that space, resulting in
bridges between lines following the development process.®
This “proximity effect” limits the resolution of the pattern that
can be produced. To alleviate this issue, a technique that uses a
focused helium ion beam instead of an electron beam has been
explored over the past decade. Previous helium ion beam
lithography (HIBL) studies have demonstrated a reduced
proximity effect” owing to less backscattering, the smaller
interaction volume with the substrate, and the subnanometer
beam diameter,’ resulting in sub-10 nm resolution.'’ This is
accompanied by orders of magnitude higher resist sensitivity
than can be achieved with EBL'> due to a higher SE yield per
incident helium ion compared with each incident electron."

Once the pattern has been defined in the resist by
lithography, it must be transferred to the underlying material,
which is often done using inductively coupled plasma reactive-
ion etching (ICP—RIE). The most common metal used to
produce field-emission devices is tungsten, which exhibits a low
work function and has a high thermal conductivity, preventing
the device from being destroyed via Joule heating.* Trans-
ferring the desired nanoscale pattern (e.g, sub-10 nm
structures with sub-10 nm gaps in between) to tungsten is a
challenge because the probability of landing ions in ever
smaller gaps becomes ever lower. This leads to a decrease in
etch efficiency, which inherently decreases the etch rate and
selectivity. To increase the etching efficiency, the ICP forward
power must be increased, but this also increases the etch rate
of the resist. The thickness of the resist would then need to be
increased to achieve the desired etch depth, which would
require a higher dose, which, in turn, would reduce the
resolution of the pattern. To avoid this problem, one may use a
hard mask to withstand the aggressive nature of the plasma
etch,* but doing this introduces more processing steps and
leads to higher production costs. Another route is to enhance
the etch selectivity of the resist by introducing into the
molecular chemistry a metal species that effectively oxidizes
upon lithographic exposure to become the hard mask. This has
previously been demonstrated by our group using supra-
molecular Ni- and Cr-containing assemblies while maintaining
a sub-10 nm patterning capability,'* albeit at a relatively low
pattern density compared with what is needed for modern
nanoelectronics.

In this Letter, a metal—organic, negative tone resist
candidate, CryFy(O,C'Bu),s (Figure 1), first introduced by
our group in ref 15 and henceforth denoted as
CrgFg(pivalate),, is presented. It is formed by the binding of
eight chromium atoms (in green in Figure 1) in a ringlike
structure, with an exterior composed entirely of tert-butyl
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Figure 1. Structure of the CrgFg(pivalate),s molecule in a ball-and-
stick representation. Chromium atoms are green and fluorine atoms
are yellow. Hydrogen atoms are omitted for clarity.

groups (pivalates).'® The pivalates provide a high solubility in
nonpolar solvents, which allows the resist molecule to be
dissolved in hexane and spun onto substrates (e.g.,, Si and W).
The molecule achieves high-resolution patterning because it is
simultaneously low density (p = 1.212 g cm™3), meaning that it
does not have many lateral scattering centers for the
lithography beam to interact with as it travels through, and
has a high molecular weight (2192 g mol™), meaning that the
number of resist molecules that are required to produce a thin
film is significantly reduced, leading to a high-resolution
pattern. Upon exposure, SEs and AEs break carbon bonds in
the resist, liberating some C and O atoms while permitting
other O and Cr atoms to react to form a chromium—oxide
hard mask that is particularly resistant to the ICP—RIE
chemistry used to etch both silicon and tungsten."*

Prior to the spin-on application of the CrgFy(pivalate),q
resist, atomic force microscopy (AFM) was used to evaluate
the surface morphology of silicon and tungsten substrates
(Figure 2a,b). The root-mean-square (RMS) roughness was
measured to be 0.29 nm for silicon. For tungsten, which was
sputter-deposited onto silicon as a 100 nm thick film on top of
a 5 nm sputter-deposited titanium adhesion layer, the RMS
roughness was 0.42 nm. The tungsten was 45% rougher than
silicon; topographical contrast revealed that the film was
composed of nanograins that individually were ~5 nm wide
and as long as 50 nm. For all sputter processes, wafers were
first cleaned inside the chamber with argon plasma, and targets
were presputtered for 60 s to remove surface oxides.

The exact nature of the resist film in this stage is uncertain.
Previous studies of similar compounds sublimed onto gold
show that an ordered monolayer forms,'” but subsequent
layers are not ordered because there are only weak van der
Waals interactions between the molecules of metal rings. The
films formed here, shown here by AFM (Figure 2¢,d) to be
~3.5 nm thick (approximately two layers), are therefore
amorphous. The resist is monodispersed and in some ways
resembles the molecules studied by Ober and coworkers'® that
form molecular glasses rather than conventional polymeric
resists. We have not observed a glass-transition temperature
because CryFg(pivalate),s sublimes before such a transition is
observed. This low sublimation temperature is again due to the
very weak intermolecular forces within the resist films.

Samples were created by dicing wafers into 20 mm X 20 mm
pieces. Both substrate types, bare silicon and tungsten-coated
silicon, provided a smooth enough surface upon which sub-10
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Figure 2. AFM images of substrates prior to spin-on application of the
resist: (a) silicon and (b) 100 nm tungsten film (on silicon). (c)
Roughness and (d) thickness of the patterned resist are also
demonstrated by AFM.

nm features could be clearly resolved. This is evident in Figure
3, which shows plan-view helium ion microscope (HIM)
images of CrgFg(pivalate);s resist nanostructures following
HIBL and the subsequent development in hexane. The
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CryFy(pivalate) ¢ resist (30 mg) was dissolved in hexane (3
g); then, the solution was filtered using a 0.2 um
polytetrafluoroethylene syringe filter before being spun onto
substrates with a spin rate of 6000 rpm for 40 s, followed by a
100 °C soft bake for 2 min to evaporate the solvent. The
spacing of adjacent lines (i.e., the pitch) was set to be 16—22
nm using a Raith ELPHY MultiBeam pattern generator, which
controlled the helium focused ion beam (35 keV, 0.50 pA) on
a Zeiss ORION NanoFab apparatus. The exposure clearing
dose of the resist on each substrate was determined using a 1D
matrix of single-pixel-wide lines that were 5 um long. The
width of the line was therefore the width of the ion beam,
which is estimated at 0.5 nm;'® the beam step size was 1 nm.
At any pitch, patterns were exposed in sets of 20 lines with one
pass of the beam per line, and the line dose of each set ranged
from 10 to 100 pC/cm with incremental steps of 1 pC/cm.
Following lithography, the resist was developed in hexane for
10 s to dissolve away the unexposed resist, then blown dry with
nitrogen.

It can be seen in Figure 3 that discrete, continuous lines
were successfully patterned at all pitches on silicon, with no
bridging between any adjacent lines. On tungsten, patterning
was likewise successful at 18, 20, and 22 nm pitches; at a 16
nm pitch (Figure 3h), the line uniformity was poor and
bridging had occurred, a hallmark of being just beyond the
lithographic resolving limit. The line width, on average, was
measured to be 5.5 nm (standard deviation, 6 = 0.9 nm) on
silicon at a 16 nm pitch and 5.6 nm (¢ = 0.9 nm) on tungsten
at an 18 nm pitch. The line edge roughness (LER), defined as
30, was ~3 nm for both sets of Si and W lines. Tungsten
performed slightly worse than silicon in both the minimum
achievable pitch and the minimum line width because tungsten
has a significantly larger atomic number (Z = 74 for W, Z = 14
for Si) and therefore leads to a larger number of SEs and AEs
generated by the primary ion beam; this effect is triggered by
both incident electrons in EBL'® and incident He ions in
HIBL." The ejected SEs can be calculated using the Joy
model' to have a scattering angle of 80° relative to the
incident beam vector,”® which leads to the exposure of the
resist material adjacent to the beam’s entry point. A similar
mechanism is at play with low -energy ion recoil events
initiated by incident ions, which scatter SEs at the same high
angle in addition to physically displacing atoms.”’ The more
SEs and AEs that are generated, the wider the exposure radius
is that surrounds the beam entry point, leading to wider lines
and, when the pitch is too small, bridging between them.
Whereas this proximity effect diminishes the smallest
achievable line width and pitch, the generation of more SEs
and AEs also has the benefit of decreasing the necessary
exposure dose, which was as much as 1.9 times lower at an 18
nm pitch for tungsten (11 pC/cm) compared with silicon (21
pC/cm). The necessary exposure dose also decreased on
tungsten as a function of decreasing pitch, whereas it did not
for silicon due to the intensity of the proximity effect when
lines are written ever closer to each other on a high-Z material.
On the basis of these results, the outlook for patterning sub-10
nm wide lines on tungsten is that the achievable pitch may be
slightly higher compared with silicon (18 versus 17 nm), in
exchange for nearly half of the exposure dose. It must also be
noted that these HIBL doses are an order of magnitude below
the threshold dose at which He implantation has been shown
to induce dislocation damage in Si.*
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Figure 4. HIM images of lines spaced with pitches of 17 and 18 nm on silicon substrate (a—c) and on a 100 nm thick tungsten film that was
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the cross-section does not lend itself to the LER calculation.

In Figure 4, the resist is shown at its smallest successfully
etched pitch for silicon (17 nm) and tungsten (18 nm), both in
plan view (Figure 4a,d), and when tilted to 87° to better show
its thickness (Figure 4b,e). The same spin settings were used
to apply the resist to both silicon and tungsten. The resist
thickness was measured at the front edge of the tilted lines (the
higher tungsten roughness perhaps accounts for the thinner
measurement) and confirmed by AFM (Figure 2c,d). It should
be noted that the resist had been changed to a chromium—
oxide material by the time the lines were imaged as a result of
the lithographic exposure. It has been observed that this resist
can shrink under the exposure of an electron or helium ion
beam; as bonds are broken and carbon and oxygen are
volatilized, the resist film volume consolidates slightly into the

oxide material. The initial resist thickness, which was not
measured, is therefore necessarily larger than depicted here.
Regardless, the tilted view images in Figure 4 show more
clearly than the plan-view images that the resist structures are
resolvable against the roughness of the substrates beneath
them. The ability to spin the resist into a sub-5 nm thick film
also helps to reduce the smallest feature size and dose; a
thinner resist yields fewer lateral scattering sites for the
traversing beam and also means that fewer ions are needed to
generate enough SEs and AEs to change the small volume of
resist material into the chromium—oxide material.

It is important to note that when characterizing these
nanostructures, each HIM image was captured via a single scan
of a 600 nm X 600 nm area, meaning that sputtering of the
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nanostructure material by the low-current He ion beam (1.0
PA, 30 keV) was negligible; tests were done to show that even
multiple scans of the same area at these settings did not alter
the size of structures. This ensured that HIM imaging could be
used as a nondestructive technique while offering higher
resolution (and higher depth of field, important for imaging
tilted structures) than, for example, a scanning electron
microscope operated with an immersion lens. Furthermore,
measurements made on AFM and HIM micrographs were
calibrated against images taken of a NIST traceable standard
(50 nm wide gold lines spaced on a 100 nm pitch); the same
microscope settings were used on both the experimental
samples and the standard to ensure measurement accuracy.

After characterizing the resist on substrate, samples for both
silicon and tungsten were subjected to the same 30 s ICP—RIE
process (forward power: 20 W RIE, 1200 W ICP) using SFq4
and C,F; gases flowing at 22 and 35 sccm, respectively. Figure
4c shows that the average width of the resultant silicon fins was
6.4 nm, with an average height of 21 nm; the resist has been
completely etched away. The effective etch rates, based on a
3.4 nm resist thickness (Figure 2d), were therefore determined
to be 0.11 and 0.70 nm/s for the resist and silicon, respectively.
This indicates that silicon etches ~6.2 times faster than the
resist when subjected to these etch conditions (ie., the
selectivity is 6.2:1). For tungsten (Figure 4f), the structures
etched with less of a straight-sidewall fin shape and more of an
angled-sidewall triangular shape, suitable for a sharp-tipped
field emitter. The average width at the top and bottom of the
triangle was 5 and 16 nm, respectively, with an average height
of 19 nm. The resist was completely etched away from the top
of these W structures in 30 s, resulting in etch rates of 0.11 and
0.63 nm/s for the resist and tungsten, respectively (ie., the
selectivity is 5.6:1). It is impossible to compare these results
directly with other common resists because the etch
selectivities of those resists have not been reported for sub-
20 nm pitches. At a 100 nm pitch, the etch selectivities of
common resists on silicon are 2.0:1 for poly(methyl
methacrylate) (PMMA), 2.9:1 for ZEPS20A, and 4.2:1 for
hydrogen silsesquioxane (HSQ).”* Etch selectivity is expected
to decrease at a smaller pitch due to the decreasing probability
of landing ions between the features, so the 6.2:1 selectivity for
Si reported here at a 17 nm pitch is especially notable, by
comparison. The improvement in etch performance demon-
strated here by CrgFy(pivalate),s on silicon has also been
previously demonstrated for related metal—organic resists,
where selectivities greater than 100:1 could be achieved at
larger pih:hes.14 It is also notable that whereas lines narrower
than those shown in Figures 3 and 4have been patterned by
other groups in the resist (e.g., 4 nm lines on a 8 nm pitch by a
combination of HIBL and nanoimprint lithography®*), the
etched structures reported here are both the narrowest and the
tallest to be transferred to substrate on a sub-20 nm pitch. The
next smallest transferred patterns found in the literature are on
a 22 nm pitch via thermal scanning probe lithography.”

In comparison with a previous study of CrgFy(pivalate),q
with EBL (100 keV, 300 pA),"> HIBL required a dose three
orders of magnitude smaller to achieve its smallest pitched
lines. (EBL achieved 40 nm pitch lines at a 30 500 pC/cm line
dose compared with a 16 nm pitch at 22 pC/cm here.) It must
be mentioned that an orders-of-magnitude smaller dose with
HIBL is accompanied by an orders-of-magnitude smaller
current as well (e.g, 0.5 pA He ions versus 300 pA electrons).
Whereas at first glance that might indicate that HIBL writing
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speeds are approximately equivalent to EBL writing speeds, it
is important to also consider how the resist thickness impacts
doses. In the EBL study, the resist was 10 times thicker (30
nm) than in this HIBL study. If the resist thickness were to
increase here, then we might expect the HIBL dose to actually
decrease because we would be taking advantage of a cascade of
scattering events that cannot similarly take place when the
thickness is confined to something as small as 3 nm. (That
decrease in dose with increasing thickness, it must be noted,
would come at the expense of resolution.) Additionally, it is
well known that the clearing dose increases as a function of the
decreasing pitch, as was the case in the comparative EBL study,
where the smallest pitch was 40 nm. If we were able to
compare the 17 nm pitch EBL lines with the 17 nm pitch
HIBL lines shown here, then we would expect the HIBL dose
to be even more favorable than the three orders of magnitude
difference noted above.

For mass manufacturing, the high exposure doses inherent to
EBL, which translate into long writing times, have always
outweighed the allure of EBL’s small-probe, high-resolution
capability. Much work has been put into developing EBL tools
that split one primary beam into many beamlets to decrease
writing times by exposing many patterns in parallel.”® Here we
see a demonstration of HIBL yielding both better resolution
and an orders-of-magnitude smaller dose than EBL. Whereas
single-beam HIBL, with the same pixel-by-pixel exposure
mechanism as EBL, may still not offer the lithographic speed
desired by the industry, perhaps this study indicates that if any
beam is to be split and operated in parallel, then it is a beam of
helium ions and not electrons.

In conclusion, it has been demonstrated that the molecule
CrgFg(pivalate);s, when used as a resist, is capable of
producing sub-10 nm structures in silicon and tungsten,
spaced on a sub-20 nm pitch, following pattern transfer with an
ICP—RIE. This result is due to several interrelated factors
associated with the resist material and the method of
lithography, HIBL. First, the ability to spin the resist into
sub-5 nm thick films reduces the lateral scattering as the beam
travels through the resist, resulting in high resolution. Second,
the material’s high molecular weight and low density limit the
number of scattering sites that the beam encounters, which
also improves resolution. Third, the nature of helium ion beam
interactions yields more SEs and AEs per incident beam
species than is achievable by the more traditional EBL; the
HIBL dose can therefore be orders of magnitude lower, which
allows for a low current to be selected, which results in a
subnanometer probe diameter that further improves the
patterning resolution. Finally, because exposing the resist
changes it from a metal—organic compound to a chromium—
oxide material, the material exhibits extremely high etch
selectivity to both silicon and tungsten in the presence of an
SF¢/C,Fg etch, allowing for the transfer of 6 nm wide lines into
the substrates, even when the etch efficiency is reduced by
tightly spacing the lines on a sub-20 nm pitch. It is therefore
possible to fabricate sub-10 nm wide, 19 nm tall silicon and
tungsten structures in a single lithography-and-etch step,
opening new possibilities for future nanoelectronics. The role
of HIBL in the future should also not be discounted.
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ABSTRACT: An approach is presented for nanoscale patterning of zinc oxide (ZnO) using
electron beam (e-beam) lithography for future nanoelectronic devices and for hard lithographic
masks. Zinc acetate (Zn,O(CH;COO),) films were exposed using a scanning electron
microscope (SEM), causing decomposition of Zn,O(CH;COO); into ZnO. The exposure of
Zn,0(CH;COO); using an electron beam was successfully utilized to fabricate 12 nm zinc
oxide lines with a 40 nm pitch on silicon. The chemical composition of zinc acetate (film before
e-beam exposure) and ZnO (film after e-beam exposure) was investigated using X-ray
spectroscopy (XPS). The Zn 2p shift peaks and the O 1s contribution confirmed the
decomposition of zinc acetate into zinc oxide after exposure. To confirm this transformation into ZnO, the optical band gap of the
film was determined and the electrical resistivity of the film was measured. The electrical resistivity and the optical band gap results
revealed the transformation into a ZnO film with a band gap of 3.31 eV at room temperature and an electrical resistivity of 91.5 Q
cm. The ZnO patterns were used as a hard mask to etch silicon, and it showed a good selectivity of 27:1 for dry etching silicon using
SF¢ and C,Fg.

KEYWORDS: zinc acetate, zinc oxide, electron beam lithography, exposure, decomposition

[12 nm lines of ZnO

H INTRODUCTION parameters such as the heating conditions, the thickness of the
layer, or the solvent concentration.'>™"®

Nagase et al. presented a different method to prepare ZnO
films using KrF excimer laser irradiation of sol—gel zinc acetate
films."” They showed that the structural characteristics and

The unique and fascinating, physical, and chemical properties
of zinc oxide make it one of the most studied materials in the
nanotechnology field. This II-VI semiconductor has high
chemical stability, a wide direct band gap of 3.3 eV, very good . . X
piezo- and pyroelectric properties, and optical transparency in optical and electrical properties of the ZnO film depend on the

- . . . X f the I here th tallizati i
the visible region. These properties make it attractive for energy o e as?r’ w ?re € ‘cry's atiza 1(?n process 41s
3 controlled by laser irradiation and is discussed in terms of its

different applications in electronics and optoelectronics.'™
PP P thermal and direct photoinduced effects.'” Asakuma et al.

Different techniques are used to deposit ZnO films such as N . °
atomic layer deposition (ALD), physical vapor deposition reported photoinduced structural changes in ZnO thin films

(PVD), chemical vapor deposition (CVD), and sol—gel and cllgrived d&;m zinc a;;tate using UVfra}:Iiaftiil: at wavelingtbslof
screen-printing techniques.“_8 Several precursors have been 5 and 254 nm. The exposure of the s to an ultraviolet

considered for the formation of ZnO films such as zinc lamp ix}du.ced formation ?f ZnO crystéls. The photoinduce{d
chloride, zinc nitrate hexahydrate, zinc 2-ethylhexanoate, zinc cry§ta&zahon and rgduchon s ascribed to the electronic
nitrate, and zinc acetate. The precursor choice has a major excitation by energetic photons.” It has been demonstrated
influence on the structural morphology and properties of the that UV photodecomposition of zinc acetate to form suitable
film.”~"" Zinc acetate is the most commonly used precursor for seed layers for the growth of ZnO nanowires (NWs). It was
ZnO thin-film deposition. This precursor is inexpensive and noted from the X-ray photoclectron spectroscopy (XPS)
soluble and has a low decomposition temperature, making it an
ideal candidate for use in many deposition techniques such as Received:  October 14, 2020
metal—organic chemical vapor deposition (MOCVD), spray Accepted: December 3, 2020
pyrolysis, sol—gel technique, and thermal evaporation.'”™"® Published: December 16, 2020
Many papers report the structural, morphological, optical, and

electrical properties of zinc oxide films prepared from zinc

acetate. This film is controlled by adjusting the deposition

® 2020 American Chemical Society https://dx.doi.org/10.1021/acsanm.0c02756
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analysis that the seed layers confirmed the conversion of the
zinc acetate to ZnO with exposure to UV.*' A similar report
demonstrated micropatterns of ZnO nanoarrays fabricated by
ultraviolet irradiation in a zinc acetate layer.”> Moreover, Hong
et al. showed a novel method of digital patterning ZnO NWs
by decomposing a zinc acetate precursor selectively using a
focused scanning laser as a heat source.”’

The fabrication of sub-15 nm structures requires new types
of technologies to be developed with a reduction in technology
steps (deposition, lithography, and etching). A potential
technique for such nanometer fabrication can be obtained
using an electron beam.”*™*° The desired materials can be
created in a scanning electron microscope (SEM) from the
specific precursor by exposure to the electron beam. This
exposure process is based on a local decomposition of a
precursor gas adsorbed at the surface or after spinning of a thin
film. It is used for creating different materials using a scanning
electron microscope (SEM) such as aluminum, gold, titanium,
platinum, and silicon oxide.”*™° The benefits of this
technology are the creation of nanostructures at predefined
locations within a scanning electron microscope. ZnO has been
investigated to be obtained using an electron beam using SEM.
Saifullah et al. showed that zinc naphthenate was capable of
forming 7 nm lines.”® Moreover, Jones et al. showed the
possibility of fabricating ZnO nanowires down to 10 nm width
after exposure of a zinc neodecanoate precursor using an
electron beam tool at 100 kV.**

‘When fabricating a device, patterning of ZnO films plays a
key role and is performed by an etching process. Most ZnO
etching processes are dominated by wet etching due to the
simple operation and the possibility of etching ZnO in different
acids and alkalis such as H,0,, HCl, H;PO,, or NHA,Cl.mf32
Etching at the microdimension using wet chemistry is
sufficient; unfortunately, it is not suitable at the nanoscale
because the wet chemistry technology etches isotropically,
meaning that manufacturing deep nanostructures is not
possible. To counteract this, different plasma chemistries
have been investigated for dry etching ZnO films such as CE,/
Ar, BCly/CH,/H,, IBr, and BI; plasma chemistries.**™*
Unfortunately, to produce zinc oxide nanostructures for
devices requires multiple processing steps and adds to the
associated production costs.

In this work, a new approach for manufacturing ZnO
nanostructures without the need for etching is confirmed for
future nanoelectronic devices and for hard lithographic masks.
The work presented here proposes the preparation of ZnO
films using an electron beam. It has been found that ZnO
nanostructures can be produced from a zinc acetate material
that was sublimed inside a vacuum chamber ex situ to the
electron beam. Using the electron beam as an exposure tool, it
is possible to lithographically fabricate ZnO nanoscale patterns
in one processing step. Upon exposure to the electron beam,
the zinc acetate leads to the decomposition of Zn,O-
(CH;C00); to produce ZnO nanostructures. The optical
and electrical properties of ZnO patterns obtained using e-
beam exposure are investigated to confirm the decomposition
of zinc acetate into zinc oxide (Scheme 1). It has recently been
reported that ZnO can be utilized as a hard mask material for
fabrication of silicon devices. This is because it has a high
selectivity of 27:1 for dry etching silicon using a SF¢/O, gas
mixture.’® Unfortunately, there are several processing steps are
required to produce a hard mask. It has been recently
discovered by our group that by employing metal—organic
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Scheme 1. Decomposition of Zinc Acetate into Zinc Oxide

Electron beam Zn 0

Zinc oxide

Zinc acetate

chemistry as the electron beam resists can be patterned with an
ultrahigh resolution of 20 nm half-pitch while producing
ultrahigh dry etch selectivities of >100:1."® The work
described here investigates the possibility of using ZnO
nanopatterns as a hard mask. The results imply that devices
based on ZnO can be produced by a simple technique, which
may be applicable to integrated electronic systems or for hard
lithographic masks

B EXPERIMENTAL SECTION

The zinc oxide nanostructures were produced by subliming zinc
acetate dihydrate (Zn(CH;C00),2H,0 (99.9%), which was
obtained from Sigma-Aldrich, onto a silicon substrate. The
sublimation process was performed in a vacuum (using an Edwards
thermal evaporator) at a base pressure of 2 X 10~° mbar. The growth
rate of zinc acetate dihydrate (Zn(CH,COO),2H,0 was measured
to be 0.5 A/s. This resulted in a film of 74 nm thickness of zinc
acetate as measured via AFM. To produce the zinc oxide
nanostructures, the zinc acetate layer was exposed using a Sigma
Zeiss scanning electron microscope (SEM). The electron beam was
driven using a Raith Elphy plus pattern generator. The pattern
consisted of a one-dimensional matrix of single-pixel lines that were 5
um long and separated by pitches of 100 down to 40 nm with a step
size of 2 nm. These were exposed with a dose scale from 1000 to
50000 puC/cm’. The pattern was exposed using an acceleration
voltage of 30 kV, a beam current of 37 pA, and a step size of 2 nm,
and it was found that a dose of 24 763 pC/cm was necessary to fully
transform the material from zinc acetate to zinc oxide. The
nanostructures were revealed by a development process, which
consisted of submerging the sample in a methanol bath for 10 s,
followed by dry nitrogen blow drying. The topography and the
thickness of the obtained films before and after e-beam exposure were
measured with a Multimode 8 atomic force microscope (AFM) from
Bruker. The ex situ heat treatment of the zinc acetate samples was
carried out on a hot plate at 400 °C for 10 min in air. Analysis of the
electron beam exposure mechanism was achieved by employing the X-
ray photoelectron spectroscopy (XPS) technique, and the high-
resolution spectra were taken using a near ambient pressure NAP-XPS
instrument. This instrument had a high-resolution monochromatic Al
Ka X-ray source (1486.6 eV) with a pass energy of 70 ¢V and a step
resolution of 0.1 eV. The instrument setup had a supplementary low-
energy electron diffraction (LEED) gun within the chamber, which
means that the zinc acetate could be exposed in situ while collecting
the XPS spectra, hence ascertaining the exposure mechanism. To
further understand the transformation of the zinc acetate into zinc
oxide, the electrical properties were investigated via its optical band
gap and current—voltage characteristics. The optical band gap
measurement was carried out at room temperature using ultra-
violet—visible (UV—vis) spectroscopy, and the optical band gap was
determined from the transmission spectra. Current—voltage measure-
ments were achieved using a Keithley 4200-SCS electrical character-
ization system.

B RESULTS AND DISCUSSION

The zinc oxide nanostructures were produced by subliming
zinc acetate dihydrate. This process of deposition is done in
two steps: the first step is the dehydration process to make

https://dx.doi.org/10.1021/acsanm.0c02756
ACS Appl. Nano Mater. 2021, 4, 406-413

213



ACS Applied Nano Materials

Www.acsanm.org

.
Zinc acetate

|

234nm

(a)

Height (um)
74nm

A

T

T

Distance (um)

Figure 1. (a) AFM image showing zinc acetate thickness after the sublimation process. The area where the height was measured is shown above.
(b) AFM image of the zinc acetate surface after the sublimation process.

anhydrous zinc acetate (Zn(CH,C0OQ),) as shown by reaction
1, followed by the next step to form (Zn,O(CH,COO),) as
described by reaction 2. Both steps are performed in a vacuum
to avoid any reaction or degradation of the compound. The
heating rate should be below 10 °C/min to avoid the possible
coexistence of ZnO and Zn,O(CH;COOQ),).

Zn(CH,C00),-2H,0(s)

=7n(CH,C00), (s) + 2H,0(g) 0
4Zn(CH,CO0), (s)
=7n,0(CH,CO0)4(s) + CH,COCH,(g) + CO,(g)
@

Figure la shows that the thickness of the zinc acetate film
measured using AFM is 74 nm. Prior to exposing the zinc
acetate film to the electron beam, atomic force microscopy
(AFM) was used to evaluate the thickness and surface
morphology of the zinc acetate film. The root-mean-square
(RMS) surface roughness was measured to be 0.56 nm (Figure
1b).

To produce the zinc oxide nanostructures, the zinc acetate
film was exposed using a Sigma Zeiss scanning electron
microscope (SEM). The electron beam was driven using a
Raith Elphy plus pattern generator. The pattern was exposed
using an acceleration voltage of 30 kV, a beam current of 37
PA, a step size of 2 nm, and a dose of 24763 pC/cm. The
nanostructures were revealed by a development process in a
methanol bath for 10 s. It can be seen in Figure 2 that discrete,

100nm

Figure 2. Top-down view of 12 nm lines on a 40 nm pitch fabricated
on a Si substrate.
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continuous lines were successfully patterned on silicon, with no
bridging between any adjacent lines. The line width, on
average, was measured to be 12 nm on silicon at 40 nm pitch,
which was the ultimate resolution with an aspect ratio of
around 2. Unexposed zinc acetate areas remain soluble in the
developer and can be washed away by immersion in a MeOH
bath for 10 s.

X-ray photoelectron spectroscopy (XPS) was employed to
gain vital insight into how the zinc acetate transforms into zinc
oxide upon electron beam exposure. This was achieved by
utilizing a near ambient pressure NAP-XPS instrument. The
experiment performed consisted of zinc acetate being sublimed
into the vacuum chamber (pressure 3 X 10~° mbar) onto a
silicon substrate; this avoided adventitious carbon being
deposited on the sample surface. The XPS spectra were
collected in situ, so that the condition of the zinc acetate could
be understood before exposing it to an electron beam. Once
the unexposed spectra were collected, the second sample of
zinc acetate was sublimed onto a silicon substrate and was
exposed to the electron beam (LEED) (acceleration voltage
was 1 kV, current was 10 yA) that was set up within the XPS
chamber. Once the zinc acetate was fully exposed to the
electron beam, an XPS spectrum was collected in situ and the
results were compared.

Figure 3a shows the XPS spectra in the range of Zn 2p,,
and Zn 2p;, signals before and after e-beam exposure. The
single binding energy peak obtained by deconvolution of Zn
2p;y/; before the exposure is observed at 1022.1 eV; this peak is
shifted to the lower binding energies at 1021.7 €V after
exposure.’”*” This shift was attributed to the fact that the zinc
component became more metallic. A higher binding energy has
been rePorted for [Zn,O(CH;COO)s] compared with
Zn0.***! Figure 3b displays XPS spectra of the O 1s region
of the same film before and after electron beam exposure. For
the unexposed film, two peaks are observed; the peak at 532
eV is attributed to the oxygen in the carboxylate group, and the
other peak at 530.4 eV is assigned to ZnO contribution. For
the exposed film, both peaks are detected with a shift for —0.2
eV. The area ratio of the carboxylate group before and after
exposure is reduced by a factor of 2.7, and the ZnO area is
increased after exposure by a factor of 1.7.

The reduction of the carboxyl area and the shift of Zn 2p
after e-beam exposure can be explained by a decomposition
mechanism of zinc acetate into zinc oxide. E-beam exposure is
expected to produce instantaneously a local thermal influence
on the precursor film and then decompose zinc acetate into
zinc oxide by the same thermal decomposition mechanism of
zinc acetate to produce ZnO crystals with volatile acetone and

https://dx.doi.org/10.1021/acsanm.0c02756
ACS Appl. Nano Mater. 2021, 4, 406—413
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Figure 3. (a) High-resolution XPS Zn-2p spectra of a zinc acetate film before and after electron beam exposure. (b) High-resolution XPS O 1s
spectra of the zinc acetate film before and after electron beam exposure. The dotted line spectra result from the XPS spectrum deconvolution.

CO, as shown by reaction 3. This mechanism also explains
the reduction by 61% of film thickness after e-beam exposure
(see the AFM image of Figure 7b).

Zn,0(CH;CO0)4(s)

=4Zn0(s) + 3CH;COCH4(g) + 3CO,(g) (3)

The presence of carboxyl organic residue after e-beam
exposure can be explained by the low exposure dose or
insufficient exposure time to obtain complete zinc acetate
decomposition. It is also possible that the volatile components
in the reaction have not completely diffused from the film.

In addition, X-ray photoelectron spectroscopy was used to
evaluate the work function of the material before and after e-
beam exposure. The work function was determined by the
following equation

O =hy — AE (4)
where AE is the energy difference between the cutoff and
Fermi-level energy. During the XPS measurement, the samples
were biased at —9.69 eV to avoid charging effects of the
instrument work function. The Fermi edge location of each
sample was estimated using platinum. The XPS excitation light
source is monochromatic aluminum (hy = 1486.71 V). Figure
4 presents the cutoff energy of the XPS spectra before and after
e-beam exposure. An important shift of binding energy due to
charging is detected for zinc acetate before exposure. This shift
is attributed to the insulator property of the zinc acetate film.
After correction according to C—C peaks, a work function
equal to @ = 698 eV has been obtained. After e-beam
exposure, no charging shift is detected; this is due to the
semiconductor properties of the ZnO as the film loses the
insulator property as expected. The cutoff energy leads to a
work function of @ = 4.78 eV for zinc acetate after e-beam
exposure. This compares well with literature values for ZnO,
which range from 4.2 to 4.9 eV.**** The work function energy
of the film after exposure is reduced by 2.2 eV; this evolution is
also consistent with decomposition of [Zn,0(CH;COO)]
into ZnO.

Figure Sa reveals the variation of transmittance with the
incident wavelength in the region between 200 and 800 nm for
zinc acetate films before and after electron beam exposure
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Figure 4. Cutoff energy of the XPS spectrum recorded for zinc acetate
before and after e-beam exposure.

obtained using ultraviolet-visible (UV—vis) spectroscopy. The
zinc acetate was sublimed onto two quartz substrates, where
one was exposed to the electron beam (acceleration voltage
was § kV, current was 2.5 nA, step size was 50 nm) and the
exposure area was 1 cm” to detect enough transmission light by
a UV—vis detector. The zinc acetate film shows high
transmittance between 300 and 800 nm; this transmission
decreases after e-beam exposure due to the creation of the
ZnO film. Using the transmission data, the optical band gap
can be calculated by the following relation.*®

(ahv) = A(hv - Eg)”2 s)

where a is the absorption coefficient, hv is the photon energy,
A is a constant, and Ez,g is the optical band gap. Figure Sb shows
the plot of the (ahv)” function of the photon energy measured
from the transmission spectra. The value of the band gap for
the zinc acetate thin film deposited on the quartz substrate
before exposure (Figure Sb) was found to be 5.68 eV. The
estimated values of the optical E, were found to reduce after
exposure of the films with E; equal to 3.31 eV (Figure Sa), the
same value of the band gap energy of ZnO crystals (3.3 eV),
which is the reported value of the band gap for standard ZnO.'

https://dx.doi.org/10.1021/acsanm.0c02756
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Figure 5. (a) Transmission spectra for zinc acetate films before and after electron beam exposure. (b) Plot of (ah)* versus photon energy for zinc

acetate thin films before and after electron beam exposure.

The electrical properties were measured before and after e-
beam exposure. To carry out this measurement, ohmic
contacts were required. To produce the contact pad, a layer
of 50 nm of gold was deposited by thermal evaporation
through a “shadow” mask. The shadow mask had four contact
pads; two contact pads were separated by 400 ym, while the
other two contact pads were rotated by 90° with respect to the
first contact pads and they were also separated by 400 ym. The
thickness of the shadow mask was 1 mm. Thin gold electrodes
were evaporated on zinc acetate before exposure and on 1 mm*
of ZnO after exposure. The exposed film was annealed at 400
and 300 °C for 10 min to evacuate the carboxyl organic residue
detected by XPS. As expected, an insulator was observed
before exposure as shown in Figure 6, and the conductivity
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1E09f—— —
< 1e104 \ // 1

1E-11 4 Zinc acetate (before e-beam exposure)
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1E-13 ‘\ //‘3
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-20 -10 0 10 20

v(v)

Figure 6. [-V characteristic of zinc acetate thin films before and after
electron beam exposure with annealing at 300 and 400 °C.

does not improve immediately on writing using the electron
beam. Annealing the ZnO nanopatterns improves the
conductivity (Figure 6), and the improvement is greater at
400 °C than at 300 °C. The improvement in conductivity
properties can be attributed to the reduction of carbon
content, which has diffused out of the ZnO nanopatterns as
carbon monoxide during the annealing process. The film
annealed at 400 °C possesses an electrical resistivity of 91.5
cm, and the same order of magnitude of electrical resistivity is
obtained for the ZnO deposited by sol—gel spin-coating using
zinc acetate.***” The I-V curves for the zinc acetate after
exposure shows a linear dependence, indicating an Ohmic
behavior of the Au-ZnO-Au structure. Ohmic Au/ZnO
contacts are frequently observed for air-exposed ZnO surfaces
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and have been attributed to an accumulation layer induced by
OH adsorbates.”**

Zinc oxide is expected to have hard mask properties with
respect to silicon dry etching conditions.” Figure 7a shows a
larger line with a width of 30 nm and a pitch of 100 nm. The
surface thickness of the films was investigated by an ex sifu
atomic force microscope (AFM). The film thickness after e-
beam exposure is 23 nm, which means the zinc acetate film
thickness is decreased by 68.9% after exposure and is
confirmed by the AFM measurement shown in Figure 7b.
Therefore, the aspect ratio of postexposure and pre-etch is 1.3.
The film thickness reduction before and after e-beam exposure
(68.9%) is equal to the density difference between zinc acetate
(1.74 g em™) and zinc oxide (5.61 g em™).

After lithography, the ZnO nanostructures were subjected to
the ICP—RIE process, and Figure 7c shows that the average
width of the resultant silicon fins was 27 nm, with an average
height of 179.1 nm (Figure 7d). It can be seen in Figure 7c
that the ZnO mask still remains on the top of the silicon
structures and the initial thickness does not change
significantly when compared to its initial thickness. The
residual ZnO mask is easily removed using a 3 M NH,CI
aqueous solution, following literature precedent.”™** This
removal process produces silicon fins that are 162.1 nm tall
as presented in SEM and AFM images (Figure 7e,f). It was
determined that the ZnO thickness after the dry etch process
was 17 nm. The effective etch rates were therefore determined
to be 0.2 and 5.42 nm/s for the ZnO material and silicon,
respectively, and the silicon was etched approximately 27 times
faster than the resist when subjected to these etchin§
conditions, which is in agreement with the literature.”
These results can be directly compared with other common
resists, and the etch selectivities of common resists on silicon
are 2.0:1 for PMMA, 2.9:1 for ZEP520A, and 4.2:1 for HSQ.*’
We have not yet explored other combinations of plasma and
wet etching for this hard mask.

B CONCLUSIONS

In summary, we have shown the possibility of making ZnO
nanoscale patterns by exposing zinc acetate films to an electron
beam. It has been demonstrated that by exposing zinc acetate
to an electron beam, the zinc acetate is transformed into a zinc
oxide nanomaterial and is capable of producing sub-15 nm
structures, spaced on a 40 nm pitch. The transformation is
confirmed by the XPS, optical band gap (3.3 eV), and electrical
measurements, which show the decomposition of zinc acetate

https://dx.doi.org/10.1021/acsanm.0c02756
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Figure 7. (a) SEM and (b) AFM images of the 30 nm lines on a 100 nm pitch that was written at 30 keV. (c) SEM and (d) AFM images of the
resist after a 20 s plasma etching, (¢) SEM and (f) AFM silicon patterns after removal of the resist using an NH,Cl aqueous solution (3 mol/L).
The dry etch experiments were carried out in an Oxford Instrument Plasma Pro 100 Cobra ICP etching system. The plasma is based on SF¢/C,Fgy
(22 scem:3S sccm) gases at a pressure of 10 mTorr with a deep reactive ion etching (DRIE) power of 20 W and a forward inductively coupled

plasma (ICP) power of 1200 W; the etching time was 20 s.

into zinc oxide using an electron beam. Moreover, we have
shown that these zinc oxide nanopatterns can be used as a hard
mask for high-selectivity ICP—RIE etching of silicon using
standard silicon plasma etching conditions. It was determined
that the zinc oxide nanomaterial exhibits extremely high etch
selectivity to silicon in the presence of an SF¢/C,Fg etch,
allowing for the transfer of 27 nm wide lines into the silicon
substrate. It is therefore possible to fabricate sub-SO nm wide,
160 nm tall silicon structures in a single lithography-and-etch
step. Thanks to its relative simplicity, this opens up exciting
new possibilities for future nanoelectronics because we have
shown not only that this material exhibits excellent dry etch
properties when compared to the industry standard resists but
also that this material is a wide band gap semiconductor, which
can be used to explore new nanoelectronic devices with ease.
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